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ABSTRACT
We present ALMA observations of the CO(1−0) line and 3-mm continuum emission in eight ultralu-
minous infrared (IR) quasi-stellar objects (QSOs) at z = 0.06−0.19. All eight IR QSO hosts are clearly
resolved in their CO molecular gas emission with a median source size of 3.2 kpc, and seven out of eight
sources are detected in 3-mm continuum, which is found to be more centrally concentrated with respect
to molecular gas with sizes of 0.4−1.0 kpc. Our observations reveal a diversity of CO morphology and
kinematics for the IR QSO systems which can be roughly classified into three categories, rotating gas
disk with ordered velocity gradient, compact CO peak with disturbed velocity, and multiple CO dis-
tinct sources undergoing a merger between luminous QSO and a companion galaxy separated by a few
kpc. The molecular gas in three of IR QSO hosts are found to be rotation-dominated with the ratio of
the maximum rotation velocity to the local velocity dispersion of Vrot/σ = 4−6. Basic estimates of the
dynamical masses within the CO-emitting regions give masses between 7.4× 109 and 6.9× 1010 M.
We find an increasing trend between BH mass accretion rate and star formation rate (SFR) over three
orders of magnitude in far-IR luminosity/SFR, in line with the correlation between QSO bolometric
luminosity and SF activity, indicative of a likely direct connection between AGN and SF activity over
galaxy evolution timescales.
Keywords: galaxies: active - galaxies: evolution - galaxies: ISM - galaxies: starburst - radio lines:
galaxies
1. INTRODUCTION
There is growing evidence that the growth histories of
the central supermassive black hole (SMBH) are closely
related to that of their host galaxies (see Kormendy
& Ho 2013, and references therein). Tight correlations
have been observed between SMBH masses and global
properties of their host galaxies, such as the bulge mass
and the velocity dispersion of host galaxy (e.g., Magor-
rian et al. 1998; Ferrarese & Merritt 2000; Tremaine
et al. 2002; McConnell & Ma 2013), for massive elliptical
galaxies and galaxies with classical bulges, likely point
to a symbiotic connection between bulge formation and
BH growth. The possible starburst-active galactic nu-
clei (AGN) connection is relevant to our understanding
of the galaxy formation and its evolution across cosmic
time, and the origin of nuclear activity and associated
BH growth (Hickox & Alexander 2018, and references
therein).
According to the most popular models of AGN-galaxy
coevolution, an obscured AGN is formed and fed by an
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accretion disk of material after the nuclei of gas-rich
merging galaxies coalesce. The most luminous sources
that reach a quasi-stellar object (QSO)-like luminos-
ity experience the so-called feedback or blow-out phase,
which expels and/or heats up the gas of the host galaxy,
in the form of outflowing winds, manifesting itself as
an optically bright QSO (Sanders et al. 1988; Sanders
& Mirabel 1996; Silk & Rees 1998; Di Matteo et al.
2005; Springel et al. 2005; Hopkins et al. 2006; Lonsdale
et al. 2006; Fabian 2012; Moreno et al. 2019). Obtain-
ing a comprehensive picture of the evolution of massive
galaxies from a buried “starburst phase” to an optically
shining “QSO phase” is one of the central motivation
of QSOs and ultraluminous infrared galaxies (ULIRGs;
LIR > 1012 L) studies (e.g., Shi et al. 2014; Zhang
et al. 2016; Shangguan & Ho 2019).
Cold molecular gas in galaxies provides the fuel for
both star formation and BH accretion (see e.g., Carilli
& Walter 2013; Vito et al. 2014). Studying the distribu-
tion and conditions of the molecular interstellar medium
(ISM) in star-forming galaxies with actively accreting
SMBHs is therefore crucial to understanding the ex-
act physical processes involved in the coevolution. The
rotational transitions of CO lines are good tracers for
probing the physical properties of the molecular gas in
galaxies. To date, the CO line emission has been widely
detected in about 100 QSOs from local universe out to
redshift of z > 6 (Carilli & Walter 2013; Banerji et al.
2017). In addition, the [CII] 158 µm line emission is
another main coolant of the ISM and has been increas-
ingly detected at redshift z > 2 in recent studies with the
advent of Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) (e.g., Decarli et al. 2018; Smit et al. 2018;
Zanella et al. 2018). Both the CO and [CII] imaging
of infrared(IR)-luminous QSOs provide information on
the spatial distribution of gas and the dynamical masses
of the QSO host galaxies (e.g., Yun et al. 2004; Wang
et al. 2010, 2013; Aravena et al. 2011; Brusa et al. 2015;
Banerji et al. 2017; Trakhtenbrot et al. 2017; Willott
et al. 2017; Decarli et al. 2018; Feruglio et al. 2018; Lu
et al. 2018; Hill et al. 2019). However, the majority
of high-z QSO hosts are spatially unresolved due to the
limited angular resolution and sensitivity of current data
(the typical scale is & 3 kpc at high-z), making the char-
acterization of the gas distribution and kinematics, and
the estimate of dynamical mass uncertain.
Hao et al. (2005) studied a sample of type 1 AGNs
selected from the local ULIRGs. These galaxies are re-
ferred to as IR QSOs and were originally compiled from
the ULIRGs in the QDOT redshift survey (Lawrence
et al. 1999), the 1 Jy ULIRG survey (Kim & Sanders
1998), and the cross-correlation of the IRAS Point
Source Catalog with the ROSAT All-sky Survey Cat-
alog. By comparing the properties of IR versus opti-
cal luminosities for IR QSOs with optically selected PG
QSOs and narrow-line Seyfert 1 galaxies, they found
that IR QSOs are significantly different from the other
two classes of AGNs with IR excess in the far-IR, im-
plying that massive starbursts may play a significant
role in the energy output of IR QSOs. The optical
spectroscopic and X-ray observations also show evidence
for young, growing QSOs with high accretion rates to
their central black holes (Zheng et al. 2002; Hao et al.
2005). Moreover, fast ionized outflows with velocity up
to∼1000 km s−1 have been observed in some of IR QSOs
(Zheng et al. 2002). The study of mid-IR spectroscopic
properties showed that the slope of MIR continua for
IR QSOs is intermediate between those of classical PG
QSOs and ULIRGs (Cao et al. 2008). All of these prop-
erties suggest that IR QSOs are likely the objects caught
in the short-lived “transition” phase between ultralumi-
nous starburst and QSO stages, which is expected to be
characterized by heavily obscured AGN with large reser-
voirs of gas not yet fully consumed and complex kine-
matics, including strong winds and outflows produced in
the feedback process (Sanders et al. 1988; Hopkins et al.
2008; Fabian 2012).
To verify the postulate that the far-IR excess in IR
QSOs originate primarily from starbursts, Xia et al.
(2012) performed the first CO survey in 19 IR QSOs
(z < 0.4) selected from Hao et al. (2005) with the IRAM
30m. The CO observations show that the gas masses
are a few times 109 − 1010 M, one order of magni-
tude higher than that of PG QSOs (Evans et al. 2001,
2006; Scoville et al. 2003). This supports the scenario
that the IR QSO hosts are indeed equipped with a large
reservoir of molecular gas, providing fuel for both the
star formation and the accretion of AGN. In addition,
the CO-detected QSOs at z > 2 are found to be gas-
rich and follow a similar L′CO − LFIR relation to local
IR QSOs (e.g., Riechers et al. 2006; Wang et al. 2010;
Sharon et al. 2016; Fan et al. 2018). This suggests that
the far-IR emission from IR-luminous, high-z QSOs is
also powered mainly by starbursts. A large amount of
gas is also found in a few WISE-selected local IR bright
QSOs (Zhao et al. 2016a). With the addition of six local
IR QSOs that have been published in CO detection pre-
viously, we have a sample of 25 IR QSOs in total, which
we consider as a representative IR QSO sample in the lo-
cal universe (see Xia et al. 2012). Many local (U)LIRGs
have well-resolved CO images (e.g., Wilson et al. 2008;
Ueda et al. 2014; Xu et al. 2014, 2015; Zhao et al. 2016b,
2017; Cao et al. 2018), but up to now the only IR QSO
that has been well-studied is the nearest one, Mrk 231,
which shows CO concentration in the central 1 kpc re-
gion with massive molecular outflow (e.g., Downes &
Solomon 1998; Cicone et al. 2012; Feruglio et al. 2015).
To fully characterize the molecular gas properties for IR
QSOs, i.e., gas distribution, excitation, and kinematics,
CO imaging observations of a large sample of IR QSOs
with high spatial resolution are needed. These will be
crucial to disentangling the interplay between star for-
mation and BH feeding and unveiling the details of the
co-evolution of BH and their host galaxies.
3Studies of luminosity function for large samples of
IRAS galaxies reveal that the space densities of ULIRGs
and QSOs are comparable in the local universe (Soifer
et al. 1986; Sanders et al. 1988), while the fraction of IR
QSOs is less than 10% of ULIRGs (Zheng et al. 2002).
These facts indicate that the IR QSO phase may last
only a few times 107 yr if the space density of objects is
simply related to the timescale of different phases (Hao
et al. 2005). There is increasing evidence that the co-
moving space density of ULIRGs evolves with redshift,
and their contribution to the star formation history rises
with redshift and likely dominates at z > 1 (Elbaz et al.
2002; Daddi et al. 2004; Le Floc’h et al. 2005; Mag-
nelli et al. 2011). This may imply that the comoving
space density of IR QSOs is correspondingly higher at
higher redshift and the objects at the IR QSO phase
tend to be more common in the early universe. As the
IR QSOs we selected are the most luminous IR QSOs
in the local universe, they should be considered as the
nearest templates to their more extreme counterparts at
high-z discovered by deep surveys. Therefore, a system-
atic investigation of local IR QSOs will provide the best
local analogues and valuable information for our under-
standing of galaxy formation and evolution in the early
universe.
In this study, we report our ALMA observations of
CO(1−0) line and 3-mm continuum emission (project
2015.1.01147.S) of eight IR QSOs at z = 0.06 − 0.19,
aimed at characterizing the distribution and kinematics
of molecular ISM of local IR QSO host galaxies. We se-
lected sources that were previously detected with bright
CO line emission (Xia et al. 2012) and have declination
of δ < +40◦. The ALMA observations are described
in Section 2. In Section 3, we present results on CO
line and 3-mm continuum morphologies, CO kinemat-
ics, gas masses, source sizes, and dynamical masses. In
Section 4, we discuss the properties of IR QSO hosts
based on the gas morphology and kinematics, and at-
tempt to investigate the growth of SMBHs and their
host galaxies in IR-luminous QSO phase by comparison
with QSOs observed at high-z, and the evolutionary sta-
tus of IR QSOs. We summarize our main findings in
Section 5. Throughout this work we assume a standard
ΛCDM cosmology with H0 = 70 km s
−1 Mpc−1, Ωm =
0.3, and ΩΛ = 0.7.
2. ALMA OBSERVATIONS
The ALMA observations of IR QSOs in our sam-
ple were carried out between 2016 August and 2017
August with 36−44 12m diameter antennas in the ex-
tended configuration with baselines 15−3637 m, under
good weather conditions with precipitable water vapor
(PWV) ranging between 0.4 and 2.2 mm. We used the
ALMA band 3 receiver and configured the correlator
with spectral window centered at the CO(1−0) line fre-
quency (Table 1). The spectral resolution is 0.488 MHz,
or 1.3−1.5 km s−1 at the observed line frequency.
Observations of the science targets were interleaved
with nearby phase calibrators (e.g., bright quasars) that
were observed every 6−7 minutes. Bandpass calibration
was performed through observations of J0006−0623,
J0750+1231, J0854+2006, J1229+0203, J1550+0527,
and J2258−2758, which were also used as flux calibra-
tors. The typical uncertainty of flux calibration is esti-
mated to be 5−10%. The pointing was checked on band-
pass and phase calibrators. The average on-source inte-
gration time on the target was ∼17 minutes per source
(see Table 1).
The ALMA data were calibrated with CASA1
(McMullin et al. 2007) 4.7.0 and 4.7.2 (for IRAS
F11119+3257 and IRAS F23411+0228 that were ob-
served in 2017 July and August) in pipeline mode, by
executing the calibration scripts corresponding to the
release data of the observations. Dust continuum im-
ages were produced for each target from the calibrated
visibilities, by combining the line-free channels from
the spectral window in multi-frequency synthesis mode
using the CASA task clean. The continuum emission
was subtracted in the uv-plane before making the line
images. The continuum-subtracted line visibilities were
obtained by fitting a uv-plane model of the continuum
emission with a zeroth-order polynomial that was then
subtracted using the uvcontsub task. The typical full
width at half maximum (FWHM) synthesized beam size
is ∼0.′′45 by using Briggs weighting with a robust pa-
rameter of 0.5 (see Table 1), corresponding to ∼ 0.8 kpc
at z = 0.1. By adopting a Briggs weighting with robust
= 2.0 (close to natural weighting), we obtain a ∼20%
larger beam size but deeper sensitivity. The achieved
1σ rms noise levels in the spectral velocity resolution
of 25 km s−1 are 0.4−0.9 mJy beam−1. To maximize
the signal-to-noise ratio (SNR) of our observations, we
adopt the cubes of both line and continuum produced
by Briggs cleaning with robust parameter of 2.0 for data
analysis in the following, unless otherwise specified.
3. RESULTS AND ANALYSIS
3.1. Distribution of the CO Line and 3-mm
Continuum Emission
All eight IR QSOs observed in our sample are clearly
resolved in the CO(1−0) line emission (i.e., the observed
sizes of CO emission are more than 2 times the synthe-
sized beams; see Figure 1). We detect 3-mm continuum
emission in seven (non-detection in IRAS F15069+1808)
out of eight IR QSOs, with four of which are marginally
resolved. The 1σ rms noise level of 3-mm continuum
emission in the eight IR QSOs observed is 30−78 µJy,
and the total flux of the 3-mm continuum emission mea-
sured for each object is summarized in Table 2. The
velocity-integrated CO(1−0) line maps and 3-mm con-
1
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Table 1. Description of the ALMA CO(1-0) observations
Source RA
a
DEC
a
Date Obs. freq Min, Max Antennas On-source FoV Synt. beam
b
Scale
c
(J2000) (J2000) (GHz) baseline (m) time (min) (arcsec) (arcsec) (kpc)
I ZW 1 00:53:34.9 12:41:36.2 Aug. 2016 108.644 (15, 1545) 42 4.02 46.4× 46.4 0.57× 0.46 0.67
IRAS 06269−0543 06:29:24.7 −05:45:26.0 Oct. 2016 103.197 (18, 1808) 44 15.62 48.8× 48.8 0.44× 0.40 0.93
IRAS F11119+3257 11:14:38.9 32:41:33.0 Aug. 2017 96.866 (21, 3637) 40 36.28 52.0× 52.0 0.40× 0.23 1.27
IRAS Z11598−0112 12:02:26.6 −01:29:15.3 Aug. 2016 100.149 (15, 1813) 38 10.58 50.3× 50.3 0.47× 0.38 1.24
IRAS F15069+1808 15:09:13.7 17:57:11.0 Sep. 2016 98.439 (15, 2483) 38 11.58 51.2× 51.2 0.58× 0.33 1.69
IRAS F15462−0450 15:48:56.8 −04:59:33.5 Sep. 2016 104.792 (15, 3143) 40 18.13 48.1× 48.1 0.35× 0.29 0.64
IRAS F22454−1744 22:48:04.1 −17:28:28.5 Aug. 2016 103.105 (15, 1462) 38 12.08 48.9× 48.9 0.57× 0.47 1.21
IRAS F23411+0228 23:43:39.7 02:45:05.7 Aug. 2016 105.562 (15, 1462) 38 17.13 47.7× 47.7 0.56× 0.44d 0.96
Jul. 2017 105.562 (21, 2196) 36 17.13 47.7× 47.7 − −
a
Observing phase center
b
Using Briggs robust weighting with a robustness parameter of 0.5.
c
Spatial physical scale corresponding to the major axis FWHM of the synthesized beam.
d
Combination of the two configuration data.
tinuum maps of the eight IR QSO hosts are presented
in Figure 1. The molecular gas in the IR QSO hosts
mapped in CO emission are found to distribute in the
nuclear regions and the peaks of CO emission are co-
incident with the 3-mm continuum emission peaks (the
exception is IRAS 06269−0543, where the peak of con-
tinuum emission is shifted by ∼0.′′19, equivalent to ∼0.4
kpc, with respect to the CO emission2). The CO(1−0)
spectra of the QSO hosts (together with the companions
we discuss below) are presented in Figure 2.
High-resolution CO maps reveal a diversity of mor-
phologies for the molecular gas in our sample of IR QSO
hosts for the first time. Five of our galaxies show a pre-
dominantly compact morphology, while the rest three of
galaxies (IRAS F15069+1808, IRAS F22454−1744, and
IRAS F23411+0228) are resolved into multiple distinct
objects in the CO emission, show evidence for merger
with a galaxy accompanying each of the IR QSOs.
Two (I ZW 1 and IRAS F11119+3257) of the eight
IR QSOs in our sample have been mapped in CO emis-
sion previously. The CO(1−0) imaging observations of
I ZW 1 were obtained with the IRAM Plateau de Bure
Interferometer (PdBI) and the BIMA millimeter inter-
ferometer at 1′′.9 and 0′′.7 angular resolution (Schin-
nerer et al. 1998; Staguhn et al. 2004), respectively.
Compared with these observations, our ALMA obser-
vations at 0′′.6 resolution resolve the emission in the
nuclear region with improved uv-coverage and angular
2
The 1σ positional uncertainties of CO and continuum peaks
are 0.
′′
014 and 0.
′′
020, respectively. The positional uncertainty is
estimated based on the formula ∆α = ∆β = 0.6θ(S/N)
−1
(Ivison
et al. 2007), where ∆α and ∆β are the rms errors in right ascension
and declination, respectively, θ is the FWHM of the beam and S/N
is the signal-to-noise ratio of the detection.
resolution. In contrast to the BIMA observations, the
ALMA observations do not show any particular spatial
structure in the nuclear region. This is similar to the
spatial distribution of CO(2−1) emission obtained with
PdBI at 0′′.9 resolution (Staguhn et al. 2004). We de-
tect two spiral arm-like structures to the west and the
east of the nucleus in the ALMA CO map respectively,
consistent with that of the PdBI CO(1−0) observations
at 1′′.9 resolution (Schinnerer et al. 1998). A kinematic
analysis of the PdBI CO(1−0) data shows evidence for
a circumnuclear molecular ring with a diameter of 1′′.5
(∼1.8 kpc; Schinnerer et al. 1998). However, our ALMA
observations do not identify this nuclear starburst ring
structure. In addition, both optical and near-IR obser-
vations reveal that I ZW 1 is likely undergoing a minor
merger with a companion galaxy 15′′.6 west of the QSO
(Hutchings & Crampton 1990; Schinnerer et al. 1998;
Canalizo & Stockton 2001). This companion is not de-
tected in our ALMA observations.
IRAS F11119+3257 has been observed with ALMA
in CO(1−0) emission at about 2′′.8 resolution (Veilleux
et al. 2017), with a main objective of detecting the
molecular outflow. Compared to these observations that
do not spatially resolve the CO morphology, our ALMA
observations at 0′′.4 resolution clearly resolve the distri-
bution of both CO gas and 3-mm continuum emission
in the host galaxy of IRAS F11119+3257 on ∼ 1 kpc
scale. However, our data are not deep enough for the
detection of broad wings in the CO emission.
The CO map of IRAS F15462−0450 exhibits clumpy
structures outside the central bright compact source
(F15462−0450C). The integrated CO line flux suggests
that the detection is significant at the ∼ 5σ and ∼
7σ level for the clumps to the northeast (NE) and
southwest (SW), respectively. It is worth noting that
5these two clumps are almost symmetrically located in a
straight line across the CO peak of the central source
with a separation of 1.′′6 (∼ 2.9 kpc) between the cen-
tral peak and the clump in each side. One possibil-
ity for the symmetric structure may be related to a
massive molecular outflow in the QSO host. Deeper
CO observations and higher resolution imaging in multi-
wavelength (e.g., radio continuum, optical) are needed
to reveal the nature of this feature. The spectra ex-
tracted for these two clumps, if associated with a red-
shifted CO(1−0) transition, show a velocity shift of
∼ −60 km s−1 and ∼ 40 km s−1 from the CO line of
F15462−0450C for NE and SW, respectively. We de-
tect significant 3-mm continuum emission from the main
body of IRAS F15462−0450 at the ∼ 10σ level with a
flux density of 0.645±0.066 mJy (measured from a two-
dimensional (2D) Gaussian fit to the continuum image,
see Table 2). No 3-mm continuum emission was detected
in the clumpy structures NE and SW.
For IRAS F15069+1808, one of the IR QSO systems
resolved into multiple distinct CO sources, we identify
two bright sources in the CO map which we denote as
NW and SE (northwest and southeast) and refer the
overlap region as Overlap (see Figure 1). Both bright
sources show an elongated morphology along the north-
east-south-west axis. IRAS F15069+1808 is likely in
the mid-stage of a merger when the galaxies have col-
lided and begun to merge. The projected separation
between the NW and SE sources is 2.′′48, equivalent to
a projected physical distance of ∼ 7.2 kpc. In the con-
tinuum image, we do not detect any signal above 3σ,
placing a 3σ upper limit on 3-mm continuum emission
S3mm < 0.15 mJy.
Similar to the interacting system IRAS F15069+1808
described above, the CO gas in IRAS F22454−1744 is
also resolved into multiple sources with two arm-like
structures (north and southwest arms, denoted as N and
SW) originating from the two bright nuclear sources
(denoted as NW and SE, Figure 1), which are under-
going merging with a projected separation of 0.′′78 (∼
1.7 kpc) between the two central CO peaks. The 3-mm
continuum emission is detected in the nuclear region of
F22454−1744SE at the 4− 5σ level with a flux density
of 0.253±0.078 mJy, whereas non-detected in the source
NW. The SW arm is resolved into two clumps (SW1 and
SW2), which form a filamentary structure.
The CO distribution of IRAS F23411+0228 shows
that the molecular gas is strongly concentrated in
the central region (F23411+0228C) accompanied by
an arm-like feature to the NE and a clumpy struc-
ture outside the main body of the galaxy to the east
(F23411+0228E). We detect 3-mm continuum emission
in F23411+0228C at ∼ 8σ level with flux of 0.433±0.055
mJy. Most importantly, we also tentatively detect 3-
mm continuum emission with flux of 86±30 µJy from
F23411+0228E, supporting the reality of such a feature.
The angular separation between C and E components
in IRAS F23411+0228 system is 1.′′77 (∼ 3.0 kpc). The
spectrum extracted for F23411+0228E demonstrates
that the line emission (see Figure 2), if associated with
a redshifted CO(1−0) transition, comes from the same
redshift as the main galaxy, suggesting that the source
E is likely physically related to the IRAS F23411+0228
system. However, it is not clear whether this is due
to an ongoing merger or interaction, or whether it is a
clumpy star-forming region at large radii.
Figure 33 shows an overlay of the CO(1−0) emission
and the SDSS u-band (or Pan-STARRS1 (PS1) g-band
if SDSS data are not available) image for the eight IR
QSO hosts. The peak of 20 cm radio continuum emis-
sion measured from the VLA FIRST survey4 or the VLA
1.4 GHz survey of ROSAT/IRAS galaxy sample (Con-
don et al. 1998) is marked as a cross symbol in the
image. The false-color PS1 yig image is shown in an
inset panel. The tidal tails and irregular morphologies
shown in the optical images seem to indicate signs of re-
cent and/or ongoing dynamical interactions or mergers
in these galaxies.
Generally, the CO emission peaks roughly coincide
with the brightest peaks in the optical images and are
consistent with 20 cm continuum peaks within the posi-
tional error (∼ 0.′′5 for VLA 20 cm continuum observa-
tions). For IRAS F15069+1808, the 20 cm continuum
position lies precisely on the nucleus of F15069+1808SE
in CO emission, which also coincides with the UV emis-
sion peak. This suggests that the AGN is more likely
embedded in the nucleus of F15069+1808SE, while the
NW source could be a companion galaxy undergoing an
interaction with the QSO. The 20 cm continuum emis-
sion peak of IRAS F22454−1744 lies between the two
central brightest CO sources but closer to the SE source.
Combining with the fact that the UV emission peak co-
incides with the nucleus of the SE source, we speculate
that F22454−1744SE is probably the QSO merging with
a companion galaxy to the NW which is about to coa-
lesce. The SW molecular tail of IRAS F22454−1744
clearly follows the tidal arm seen in the optical emis-
sion of PS1 image, whereas the NW arm has no coun-
terpart in optical wavelength. For IRAS F23411+0228,
the 20 cm continuum emission peaks in the central com-
pact source. In addition, the UV emission is found to
peak in the nucleus of central source, indicating that
the AGN is likely located in F23411+0228C. It is clear
that the NE arm-like structure of CO emission follows
the arm seen in the optical image. Higher resolution
HST/WFPC2 observations in F814W-band identify a
bright peak coincident with F23411+0228C, but also a
faint peak coincident with the location of the CO peak
3
These plots were produced using the software AICER (https:
//github.com/shbzhang/aicer/), which is an IDL program for
compounding astronomical images.
4
http://sundog.stsci.edu/
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Figure 1. The velocity-integrated CO(1-0) line maps (left), 3-mm continuum maps (middle-left), CO velocity fields (middle-
right), and velocity dispersion maps (right) of the eight CO-mapping IR QSOs. Resolution of 0.
′′
4− 0.′′6 are achieved through
Briggs weighting with robustness=2.0 and the beam size is shown in the bottom-left of each panel. The line intensity-weighted
velocity and velocity dispersion maps are calculated using pixels detected at > 3σ and are masked where the integrated intensity
is < 3σ in each object. The black cross symbol shown in the continuum, velocity, and velocity dispersion maps indicates the
CO position derived from a 2D Gaussian fit to the integrated line map. The lowest contours in CO velocity integrated map and
continuum map are±2σ, and contours increase by factors of 1.5 for the line image while the contours increase in steps of 1σ for the
continuum (except for IRAS 06269−0543, where the continuum contours increase by factors of 1.5). The 1σ rms noise for CO line
and continuum maps are: 0.119 and 0.078, 0.052 and 0.037, 0.050 and 0.031, 0.056 and 0.048, 0.079 and 0.050, 0.050 and 0.037,
0.058 and 0.047, 0.039 and 0.030, Jy beam
−1
km s
−1
and mJy beam
−1
for I ZW 1, IRAS 06269−0543, IRAS F11119+3257,
IRAS Z11598−0112, IRAS F15069+1808, IRAS F15462−0450, IRAS F22454−1744, and IRAS F23411+0228, respectively.
The red-dashed circles represent the circular apertures used to extract CO spectra for comparison (see Section 3.3). For
the objects that are resolved into multiple CO sources, IRAS F15069+1808, IRAS F15462−0450, IRAS F22454−1744, and
IRAS F23411+0228, each CO component is labelled in C-Center, N-North, E-East, NW, SE, NE, and SW, respectively.
7Figure 1. (Continued)
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Figure 2. ALMA continuum-subtracted CO(1-0) emission line spectra of IR QSO systems extracted from the region within the
>2σ signal in the velocity-integrated map (black) and from a circular aperture (red-dotted; see the aperture shown in Figure 1)
with diameter listed in the top right, compared with the CO(1-0) line observed with the IRAM 30m (blue). The zero velocity
corresponds to the redshifts listed in Table 2. All spectra are binned to a channel width of ∼50 km s−1 with Hanning smoothing.
in F23411+0228E (see the bottom-right panel in Fig-
ure 3). However, higher resolution observations (e.g.,
Chandra, JV LA) of X-ray and radio emission are re-
quired to determine the accurate position of the AGN
for these merging systems.
3.2. CO Line Kinematics
The CO line intensity-weighted velocity fields and ve-
locity dispersion of the eight IR QSO hosts are shown in
Figure 1. These were made by smoothing the velocity
over the emission region and clipping the intensity us-
ing the CASA task, immoments. The cleaned image cube
was smoothed in velocity and was clipped at the 3σ level
per channel. The zero velocity in the velocity maps cor-
responds to the CO redshifts listed in Table 2. The kine-
matics of the molecular gas in the eight IR QSO hosts
are also quite varied. The maps of the velocity fields re-
veal smooth and regular rotation velocity for about half
of the galaxies in our sample, while the rest are signif-
icantly distorted. Maps of the velocity dispersion show
increased velocity dispersion in the centers of almost all
CO-emitting systems with peak velocity dispersion of
about 60−130 km s−1.
For the five of IR QSOs that are resolved into an
isolated compact CO source, four of the host galax-
ies (I ZW 1, IRAS 06269−0543, IRAS F11119+3257,
and IRAS F15426−0450) show velocity gradients in the
velocity maps. The velocity dispersion peaks in these
galaxies roughly correspond to the peaks of CO emis-
sion, except for IRAS 06269−0543 where there is a shift
of the peak between the CO and 3-mm continuum emis-
sion. The velocity dispersion map of IRAS 06269−0543
shows an increase in the northwestern direction with re-
spect to the CO peak, with a peak dispersion of ∼ 100
km s−1 which is spatially coincident with the location
of 3-mm continuum peak. Given the limited spatial res-
olution of current data, we are not able to infer whether
the 3-mm continuum emission is related to AGN activ-
ity, although the velocity dispersion is usually found to
increase at the AGN location (e.g., Trakhtenbrot et al.
2017). The complex velocity distribution revealed in
IRAS Z11598−0112 show evidence that the molecular
gas is strongly disturbed and has not settled in the galac-
tic plane. For I ZW 1, the velocity gradient is obvious in
the southeast to northwest direction, from about +190
to −190 km s−1. This is consistent with the velocity
map presented in Schinnerer et al. (1998). A small ve-
locity gradient is present in the east-west direction of
IRAS F11119+3257, while the deviation from regular
velocity field seen in the northeast region may be in-
dicative of noncircular motion. The CO velocity map
of IRAS F15462−0450 shows a clear gradient from the
northwest to the southeast in the main body of galaxy,
while the CO line of the NE clump is too narrow to show
a gradient at our spectral resolution, and the SW clump
shows a small velocity gradient along the same direction
as that of main body. The SW clump shows a slightly
higher velocity dispersion (∼ 85 km s−1) than that (∼
65 km s−1) of the peak in main galaxy.
The CO kinematics for the remaining three galax-
ies that are resolved into multiple objects are complex.
For the merging system IRAS F15069+1808, the SE
source (identified as the possible galaxy hosting lumi-
nous AGN) shows a rotating gas disk with velocity gra-
dient in the southeast-northwest direction, whereas the
molecular gas in the NW galaxy is kinematically dis-
turbed. The overlap region has the highest velocity dis-
persion (∼ 130 km s−1) in CO(1−0) emission, possibly
marking the new dynamical center of the merger. This
is similar to what is seen in IR-bright merger VV114,
where the large velocity dispersion detected in the over-
lap region was interpreted as a turbulence-dominated
shock region induced by the interaction between the two
colliding galaxies (e.g., Saito et al. 2015).
9Figure 3. ALMA CO line contours (red) overlaid on SDSS u-band (or Pan-STARRS1 g-band if SDSS data are not available)
image. For IRAS F23411+0228, we also show the CO(1−0) contours overlaid on the HST/WFPC2-F814W image for comparison.
The physical scale of each image corresponds to 15 kpc × 15 kpc (except the two interacting systems, IRAS F15069+1808 and
IRAS F22454−1744, of which the side length in the image is 20 kpc). Yellow crosses mark the locations of the 20 cm continuum
emission observed with the VLA. The CO beam size is shown in the bottom-left corner of each image. Inset panels: False-color
Pan-STARRS1 (RGB channels corresponding to yig filters) image with size of 20
′′ × 20′′ (except I ZW 1, 30′′ × 30′′). The red
box represents the zoomed-in region shown in the background panel.
The velocity field in merging system IRAS F22454−1744
shows a velocity range of ∼ 230 km s−1 across the galaxy
disks with the largest redshifted velocity in the molec-
ular tail SW1 clump (about +130 km s−1 with respect
to the systemic velocity of merging system). A regular
rotating disk with velocity gradient (ranging from about
−100 km s−1 to +30 km s−1) in the southwest-northeast
direction is clearly seen in the NW galaxy, while the ve-
locity is significantly distorted in the SE source which
is likely to host the QSO and in the extended CO emis-
sion regions. The velocity dispersion map in Figure 1
shows a peak velocity dispersion (∼ 80 km s−1) in the
SE nucleus followed by a large dispersion in the center
of NW source and a quiescent structure along the SW
filament.
10 Tan et al.
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For IRAS F23411+0228, the central compact source
F23411+0228C and the NE arm show complex and dis-
torted velocity fields, whereas the source E tends to show
a small gradient from north to south. The NE arm has
a redshifted velocity of ∼ 50−150 km s−1 with respect
to the main galaxy. The peak of velocity dispersion for
F23411+0228C is about 70 km s−1, while a relatively
low value (∼ 10 km s−1) is found in both NE arm and
source E. Deeper observations with higher resolution are
needed to accurately constrain the kinematics and mor-
phology of the extended CO structures in these galaxies.
Combining the analysis of CO morphology and gas
kinematics, we find that the molecular gas in four
(I ZW 1, IRAS 06269−0543, IRAS F11119+3257, and
IRAS F15462−0450) out of the eight IR QSO hosts
show signatures of rotating gas disks with ordered
velocity field, one (IRAS Z11598−0112) is compact
CO source with disturbed velocity, and the rest three
(IRAS F15069+1808, IRAS F22454−1744, and IRAS
F23411+0228) resolved into distinct objects showing
evidence for strong interactions and merging.
Figure 4 shows position-velocity (PV) diagrams of the
CO(1−0) emission line for the four isolated QSO host
galaxies (I ZW 1, IRAS 06269−0543,IRAS F11119+3257,
and IRAS F15462−0450) with signatures of disk-like
rotation in their CO velocity fields, along the ve-
locity gradient through the peak CO position. For
IRAS F11119+3257, we combined our high-resolution
CO data with the archival ALMA CO data (∼ 2′′.8 res-
olution) observed by Veilleux et al. (2017) to produce
the PV diagram. The PV plots show that the rotation
curve rises steeply in the inner region, becoming flat
at radius ∼ 0′′.5 − 0′′.8 (∼ 0.9 − 1.3 kpc) for I ZW 1,
IRAS 06269−0543, and IRAS F15462−0450. However,
for IRAS F11119+3257, the rotation curve is much less
prominent. We calculated the inclination angle (be-
tween the polar axis of the disk and the line of sight)
based on the axis ratio, i = cos−1(amin/amaj), where
amin and amaj are the semiminor and semimajor axes of
the CO emitting regions (assuming a thin-disk geome-
try; see Sect. 3.4 and Table 3). We then assumed the
gas to be in a rotating disk, and studied the kinematic
properties by fitting 3D tilted-ring models to emission-
line data cubes with 3DBAROLO code (Di Teodoro &
Fraternali 2015). The red circles in Figure 4 denote the
best-fit values for the projected rotation velocity derived
from 3DBAROLO. We adopt values of the rotation ve-
locity and velocity dispersion derived at the turnover
radius, i.e., the transitional point between the rising
and flat parts of the rotation curve, as the intrinsic
rotation velocity and local velocity dispersion for each
galaxy. Except IRAS F11119+3257, which is poorly fit
by models, the kinematics for the remaining three galax-
ies can be well-fitted by models. The derived rotation
velocity and velocity dispersion range from 157 to 273
km s−1 and 42 to 45 km s−1 (see Table 4), respectively,
and the corresponding ratio of the rotation velocity to
the velocity dispersion, Vrot/σ, is in the range of 4−6
for the three galaxies, somewhat smaller than values of
present-day disks (Sofue & Rubin 2001).
3.3. Comparison with Single-Dish CO(1−0) Data and
the Integrated Intensity
We measured the CO fluxes based on the spectra ex-
tracted from a circular aperture, of which the CO peak
fluxes are consistent with single-dish IRAM 30m mea-
surements (see the spectra in Figure 2 and the corre-
sponding apertures used for spectra extraction shown
in Figure 1), and found that both the CO integrated
fluxes and the line profiles are in good agreement with
the IRAM 30m data for the galaxies in our sample.
In Figure 2 we also plot the CO spectra extracted
from the ALMA cube using a mask that encompasses
the > 2σ region in the velocity-integrated CO(1−0) map
for comparison. In this work we define a detection if the
velocity-integrated line intensity is higher than or equal
to 3σ, but use the 2σ cutoff for data analysis as a com-
parison. It is clear that in most cases, apart from I ZW 1
and IRAS 06269−0543, both the CO peak flux and the
line profile of the spectra extracted from the > 2σ region
agree well with IRAM 30m measurements, suggesting
that little emission is filtered out by long baselines and
the molecular gas is centrally concentrated.
In the cases of I ZW 1 and IRAS 06269−0543, the
spectra extracted from the 2σ CO-emitting regions show
∼ 30-40% smaller CO peak flux. The CO spectra of
these two galaxies are best described by a double-horned
velocity profile, with a separation of 225±10 km s−1
and 165±8 km s−1 between red and blue peaks respec-
tively, consistent with the CO spectra measured with
the IRAM 30m (Evans et al. 2006; Xia et al. 2012). In
comparison, the 30m spectra (beam size ≈ 25′′) have
more flux in the horns, indicative of an extended disk
component in the host galaxies. For the ALMA data
that were extracted from a circular aperture with peak
CO fluxes consistent with the single-dish measurements,
the diameter of the circular aperture is 10′′ and 8′′ for
I ZW 1 and IRAS 06269−0543, respectively. This may
indicate that the molecular gas is extended to a radius
of about 6 kpc and 8 kpc for these two galaxies, respec-
tively. For I ZW 1, our estimate agrees well with pre-
vious PdBI observations which show an extent of about
10 kpc for the molecular disk size of the host galaxy
(Schinnerer et al. 1998). By comparison, the > 2σ CO-
emitting region extend to a size with radius of about
2′′.0 and 1′′.1 (both equivalent to ∼2.4 kpc) for I ZW 1
and IRAS 06269−0543, respectively, suggesting that a
substantial amount of molecular gas is concentrated in
the central few kpc. Given that the flux extracted from
a larger aperture is found to be comparable to that mea-
sured with the IRAM 30m, it is likely that the flux not
recovered within the 2σ region for these two galaxies is
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Figure 4. Position-Velocity diagrams of CO(1−0) emission along the line of rotation axis through the peak CO position for the
four galaxies showing velocity gradient in CO emission. Contours start at 2σ and increase by factors of 1.5 where σ in the spectral
velocity resolution of 25 km s
−1
for the four galaxies are: 0.90 mJy beam
−1
(I ZW 1), 0.46 mJy beam
−1
(IRAS 06269−0543),
0.30 mJy beam
−1
(IRAS F11119+3257), and 0.47 mJy beam
−1
(IRAS F15462-0450). For IRAS F11119+3257, we combined
our CO data with the archival lower angular resolution ALMA CO data to produce the PV diagram (see text in Sect. 3.2). The
plotted velocity is along the line of sight. The zero offset position corresponds to the peak CO position in all PV diagrams. The
red circles denote the best-fit projected rotation velocity derived from
3D
BAROLO.
due to the emission from extended disk undetected in
our ALMA observations.
For the remaining six galaxies, the CO line profile are
well described by a single-Gaussian fit. Similarly, the
CO molecular gas is found to be within an extent of
about 4 to 8 kpc (∼ 2′′- 3′′) in radius for these galaxies,
based on the spectra extracted from a circular aperture
with diameter shown in Figure 2). It can be seen from
Figure 1 that these apertures are typically larger than
the 2σ CO-emitting regions for the galaxies in our sam-
ple. A comparison of the CO(1−0) integrated fluxes
measured based on the ALMA spectra extracted from
the > 2σ region with the fluxes seen by the IRAM 30m
(Xia et al. 2012), shows that our interferometric data
typically recover ∼ 80% of the observed single-dish flux.
The consistency of the flux measured from a larger aper-
ture ALMA spectrum with the single-dish observations
(Figure 2), is likely to indicate that the flux not recov-
ered in the 2σ CO-emitting region is attributed to the
insufficient sensitivity of our ALMA observations for the
detection of more extended lower surface brightness CO
emission. However, it should be noted that the system-
atic uncertainties in the flux calibration would also affect
the comparison of flux measured with different observa-
tions.
To make a consistent flux measurement with the
IRAM 30m data, the total CO integrated flux was
measured from the spectrum extracted from a circu-
lar aperture (with the diameter shown in Figure 2
for each source) by integrating the intensity over
the line-emitting region in each channel, except for
the galaxies spatially resolved into interacting sys-
tems and/or clumpy structures, IRAS F15069+1808,
IRAS F15462−0450, IRAS F22454−1744, and IRAS
F23411+0228, for which the integrated flux derived for
each component was measured from the spectrum ex-
tracted from the > 2σ region in the CO intensity map
(see the spectra in Figure 5). The redshift and line
width were measured from a Gaussian fit to the CO
line. The ALMA CO line properties measured for the
galaxies in our sample are summarized in Table 2.
The CO luminosity can be derived from the line in-
tegrated intensity listed in Table 2, following Solomon
et al. (1997):
L′CO =3.25× 107
(
SCO∆v
1 Jy km s−1
)( νobs
1 GHz
)−2
×
(
DL
1 Mpc
)2
(1 + z)
−3
K km s−1 pc2,
(1)
where SCO∆v is the velocity-integrated flux density, νobs
is the observed line frequency, and DL is the luminos-
ity distance. Similar to the measurements in Xia et al.
(2012), the CO(1−0) luminosity ranges from several
times 109 to 1010 K km s−1 pc2 for our sample of IR QSO
hosts (see Table 3). The molecular gas mass derived by
MH2 = αCOL
′
CO, corresponds to a few times 10
9 M
if we adopt an ULIRG-like CO luminosity-to-H2 mass
conversion factor, αCO, of 0.8 M pc
−2 (K km s−1)−1
(e.g., Downes & Solomon 1998). We note that αCO is
uncertain and varies significantly from source to source,
and possibly from region to region within a galaxy (e.g.,
Bolatto et al. 2013). For simplicity, we adopt a con-
stant αCO to estimate the molecular gas mass for all the
galaxies in our sample.
For the systems that are resolved into multiple sep-
arate objects in CO images, the ALMA data enable
us to estimate the molecular gas mass for each com-
ponent for the first time (see Table 3). The molecular
gas mass derived for the two brightest sources NW and
SE in the merging system IRAS F15069+1808 are found
to be comparable, implying that these two galaxies are
likely undergoing a major merger. Similarly, the ap-
proximate equivalent mass derived for the NW and the
SE sources in IRAS F22454−1744 is probably indicative
of a major merger. In the case of IRAS F23411+0228,
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Figure 5. The CO(1−0) velocity-integrated intensity maps (left panel) and the CO(1−0) spectra (right panel) extracted from
each source component (solid lines) for the galaxies spatially resolved into multiple components overlaid with the global line
extracted from the >2σ CO-emitting region of IR QSOs (dotted lines, same as in Figure 2): IRAS F15069+1808 (a), IRAS
F15462−0450 (b), IRAS F22454−1744 (c), and IRAS F23411+0228 (d). The CO contours start at 2 σ and increase by factors
of 1.5, same as in Figure 1. The CO(1−0) spectrum of each component is extracted from the > 2σ region in the CO intensity
maps shown in the left panel and the spectral resolution is smoothed to ∼ 50 km s−1.
the molecular gas mass estimated for the E source (∼
3.8×107 M) is much lower compared to that of central
bright galaxy (∼ 1.4×109 M). Combining with the ob-
served properties discussed above, i.e., multi-wavelength
identification and gas kinematics, this may suggest that
IRAS F23411+0228 would be a minor merger if the faint
E source is indeed an interacting companion.
3.4. Source Size Measurements
Our high-resolution CO imaging reveals detailed
structure of the molecular gas distribution for IR QSO
hosts, which is crucial for placing constraints on the
dynamical states of the sources. To avoid possible un-
certainties produced by the image reconstruction pro-
cess that will be introduced into the size measurement,
we directly fit models to the interferometric observables
(i.e., the visibilities) in the uv-plane which is prefer-
able for the cases of simple source structure by using
UVMULTIFIT tool(Mart´ı-Vidal et al. 2014).
Based on the centroid of the surface brightness dis-
tribution inferred from 2D Gaussian fitting (Table 2),
we shift the phase center of both the line and contin-
uum datasets used for the size measurement to match
the centroid of each source. Assuming that the sur-
face brightness distribution of the CO line and contin-
uum follow a symmetric Gaussian profile, we performed
fits of the visibilities that were spectrally-averaged with
different source models (i.e., a single Gaussian profile,
a combination of a point-source model and an ellip-
tical Gaussian model, and a combination of a com-
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Table 3. Derived properties
Source L
′
CO(1−0) MH2 CO size Cont. size Inclination i Mdynsin
2
i Mdyn MBH SFRCO Lbol
(10
9
Ll)
a
(10
9
M) (kpc) (kpc) (deg) (10
10
M) (10
10
M) (10
7
M) (M yr
−1
) (10
12
L)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
I ZW 1 5.50± 0.26 4.40± 0.21 3.2± 0.2 − 38± 11 1.6± 0.3 4.1± 0.7 2.1 117 1.0
IRAS 06269−0543 6.91± 0.44 5.53± 0.35 2.3± 0.3 0.6± 0.1 51± 10 0.7± 0.1 1.1± 0.2 3.2 183 1.8
IRAS F11119+3257 11.36± 0.90 9.09± 0.72 4.8± 0.8 1.0± 0.2 48± 15 2.4± 0.4 4.3± 0.8 15.7 312 11.0
IRAS Z11598−0112 11.99± 0.68 9.59± 0.54 4.7± 0.6 − 37± 19 − 1.6± 0.2 0.4 378 0.4
IRAS F15069+1808NW 5.57± 0.31 4.45± 0.25 3.3± 0.4 − 48± 12 − 2.0± 0.3 − 130 −
IRAS F15069+1808SE 4.35± 0.40 3.48± 0.32 7.0± 1.0 − 64± 8 5.5± 1.4 6.9± 1.8 1.0 96 0.5
IRAS F15462−0450C 3.64± 0.10 2.91± 0.08 2.0± 0.3 0.4± 0.1 25± 21 0.15± 0.03 0.9± 0.2 0.8 70 0.2
IRAS F22454−1744NW 3.07± 0.09 2.46± 0.07 2.9± 0.2 − 31± 17 0.7± 0.1 2.8± 0.3 − 62 −
IRAS F22454−1744SE 2.43± 0.10 1.94± 0.08 1.2± 0.2 − 31± 24 − 0.7± 0.2 0.5 47 0.6
IRAS F23411+0228C 1.75± 0.06 1.40± 0.05 2.4± 0.6 0.4± 0.2 28± 31 − 1.3± 0.3 1.0 55 1.3
Note—Column (1): galaxy name. Column (2): CO(1-0) luminosity derived with the integrated flux density listed in Table 2. Column (3):
molecular gas masses derived with L
′
CO(1−0) by assuming a CO luminosity-to-molecular gas mass conversion factor of αCO = 0.8 M (K km s
−1
pc
2
)
−1
. Column (4): CO FWHM major axis size of the extended component, derived from visibility fitting (see Table 2). Column (5): 3-mm
continuum FWHM size. We take the source as an unresolved point source if the size measurement is only significant at < 2σ. Column (6): disk
inclination angle estimated from the ratio of CO(1-0) minor and major axis as i = cos
−1
(amin/amaj). Column (7): dynamical mass without
inclination angle correction for the galaxies with kinematical signatures of rotating molecular gas disks, estimated from the CO(1-0) line width
and source size (see Section 3.5 for details). Column (8): inclination angle-corrected dynamical mass within the CO-emitting region. The
uncertainty in these dynamical masses does not include the uncertainties in the inclination angle. For the galaxies without a velocity gradient in
CO map, we adopt the virial relation to estimate dynamical mass. Column (9): virial black hole masses from Hao et al. (2005) using Hβ broad
emission line and λLλ,5100A˚ measurements. For I ZW 1, we take the average of the measurements derived in Hao et al. (2005) and Vestergaard
& Peterson (2006). Column (10): star formation rate derived from IR luminosity, which is predicted from CO(1-0) luminosity based on the
correlation between L
′
CO(1−0) and LIR observed for starburst galaxies (see Section 4.2 for details). Column (11): AGN-associated bolometric
luminosities from Hao et al. (2005) using the bolometric correction of Lbol ≈ 9λLλ,5100A˚.
a
Ll ≡ K km s−1 pc2
Table 4. CO gas kinematical properties
Source PA vrot σgas
(deg) (km s
−1
) (km s
−1
)
(1) (2) (3) (4)
I ZW 1 124 273 44
IRAS 06269−0543 168 166 45
IRAS F15462−0450 306 157 42
Note—Column (1): galaxy name. Column (2):
position angle along the major axis of the rotation
disc, measured from the velocity field. Column (3)
and Column (4): rotational velocity and velocity
dispersion, obtained by fitting 3D tilted-ring models
to CO(1−0) data cubes using the software
3D
BAROLO.
pact circular Gaussian model and an extended elliptical
Gaussian model to investigate the possibility of having
compact CO emission embedded in an extended, low
surface-brightness component) and found that all the
CO sources are well-resolved and the best fit is given by
a combination of a circular Gaussian and an elliptical
Gaussian components. For the continuum, a single cir-
cular Gaussian component model is preferred due to the
relatively low SNR of the detection. The best fit is deter-
mined by χ2 minimization. For IRAS F15069+1808 and
IRAS F22454−1744, which are resolved into two sepa-
rate galaxies with comparable gas mass, the CO sources
are best fitted with two elliptical Gaussians with po-
sitions centered on the QSO host and the companion
galaxy, respectively. The best-fitting values of the dou-
ble Gaussian models for the line and the one-component
model for the continuum are reported in Table 2. Fig-
ure 6 shows the visibility function for the CO and 3-mm
continuum, and the corresponding best-fitting profiles.
For the double-Gaussian models fit to the CO data,
the source size of the compact component (FWHM mea-
sured from circular Gaussian profile) ranges from 0.′′22
to 0.′′37 (∼ 0.4−1.0 kpc with a median of 0.8 kpc) and
the size of the extended component (major axis FWHM
from elliptical Gaussian profile) ranges from 0.′′55 to
2.′′75 (∼ 1.2−7.0 kpc with a median of 3.2 kpc). The
largest CO source size (2.′′41, equivalent to a physical
scale of 7.0 kpc) is seen in IRAS F15069+1808SE. For
the rest galaxies in our sample, the major axis size of
the CO source ranges from 1.2 kpc to 4.9 kpc. For the
continuum emission, four of the sources are marginally
resolved with observed sizes comparable to the synthe-
sized beams, while the remaining detections are point-
like sources in our observations. The continuum source
sizes are estimated to be 0.′′22−0.′′31 (∼ 0.4−1.0 kpc
with a median of 0.6 kpc) for the four sources with size
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measurement at & 2σ significance, which is more than a
factor of 3 smaller than their CO sizes, suggesting that
the continuum emission is more concentrated than that
of molecular gas. Compared to the full CO flux distri-
bution (∼ 4−8 kpc in radius) discussed in Section 3.3,
the 2D Gaussian visibility fitting gives smaller CO size,
which represents the distribution of the relatively dom-
inant central component.
3.5. Dynamical Masses
As described in the previous section, large-scale
systematic velocity gradients are seen for six galax-
ies (I Zw 1, IRAS 06269−0543, IRAS F11119+3257,
IRAS F15069+1808SE, IRAS 15462−0450, and IRAS
F22454−1744NW) in our sample , whereas for the re-
maining four CO sources the molecular gas are found
to be highly disturbed with complex velocity structure
(see Figure 1).
For the six galaxies exhibiting CO velocity gradi-
ent across the source, we estimate the dynamical mass
within the CO-emitting region by assuming that the
bulk of the emission in these sources can be well de-
scribed by a rotating disk. In this case, the dynam-
ical mass is given by applying the relation, Mdyn ≈
2.3 × 105v2cirR (e.g., Wang et al. 2010), where R is the
disk radius in kpc, which we assume equal to 0.75 times
the CO FWHM major axis of the extended component
measured from visibility fitting (i.e., half of full-width
at 20% of the peak intensity for a Gaussian profile of
CO emission; Wang et al. 2013), and vcir is the maxi-
mum circular velocity of the gas disk in km s−1. For
the three galaxies that are well-fitted by our rotating
kinematic models (see Figure 4), the circular velocity is
equal to the rotation velocities reported in Table 4. For
the remaining three galaxies, one (IRAS F11119+3257)
is not consistent with our model and the other two
(IRAS F15069+1808SE and IRAS F22454−1744NW)
are undergoing a major merger interaction. For these
galaxies, their circular velocities were estimated by vcir
= 0.75 ∆vFWHM/sini (Ho 2007a,b; Wang et al. 2010),
assuming the gas is distributed in an inclined disk.
Adopting the inclination angle listed in Table 3, the de-
rived inclination-corrected dynamical masses range from
9.0 × 109 to 6.9 × 1010 M. These estimates of Mdyn
can be significantly affected by the uncertainty of in-
clination and the assumption of a rotating disk as part
of the emitting gas might be associated to non-circular
motion, especially in interacting systems with pertur-
bations. For the three galaxies with vcir derived from
model fitting, we also calculated the circular velocity
using the aforementioned equation, and found the vcir
inferred by the FWHM of CO line are roughly twice
higher than that derived from model fitting. This is sug-
gestive that the likely presence of non-rotating gas com-
ponents also contributes to the CO line width, which
would affect the determination of circular velocity. If
true, this would result in lower vcir and therefore lower
Mdyn for IRAS F11119+3257, IRAS F15069+1808SE,
and IRAS F22454−1744NW.
For the galaxies with irregular velocity fields, we as-
sumed that the galaxy is supported by random motions
and estimated the dynamical mass using the virial the-
orem, assuming that the distribution of molecular gas
is spherical with uniform density and has an isotropic
velocity dispersion. Under these assumptions, the dy-
namical mass can be estimated as Mdyn = 5σ
2R/G
(e.g., Pettini et al. 2001), where R is the gas disk ra-
dius, σ = ∆vFWHM/2.35 is the one-dimensional velocity
dispersion, and G is the gravitational constant. The de-
rived dynamical masses range from 7.4×109 to 2.0×1010
M for these four galaxies. We found that the virial esti-
mator leads to a smaller Mdyn compared to that derived
from a rotating disk estimator. Note that the virial mass
estimates are also affected by large systematic errors,
e.g., the unverified assumption that the system is viri-
alized and the source size that is likely underestimated
due to the possibly more extended, low surface bright-
ness CO emitting regions missed by our high-resolution
ALMA observations. As discussed in Section 3.4, the
CO size inferred from visibility fitting is more likely to
represent the distribution of relatively central compo-
nent. Detailed modeling of spatially resolved gas kine-
matics are needed to obtain a more accurate estimate of
the dynamical mass for the IR QSO hosts in our sample.
4. DISCUSSION
4.1. Host Galaxy Properties
The combined analysis of CO morphology and gas
kinematics of the IR QSO hosts in our sample reveals
the diversity of host galaxy properties. Three of IR
QSO systems in our sample are identified as interact-
ing systems, one galaxy accompanying each of these
QSOs. The companion galaxies are located between
roughly 2 and 7 kpc in projection from the QSOs,
with small velocity offsets (∆v < 60 km s−1). Two
(IRAS F15069+1808 and IRAS F22454−1744) of these
interacting QSO systems are interpreted as major merg-
ers, while the other one (IRAS F23411+0228) show ev-
idence for a minor merger, although higher resolution
multi-wavelength data are needed for further confirma-
tion. Our ALMA data for the first time provide evidence
for significant major merger interactions in some of lo-
cal IR QSO systems. Observations toward high-z have
also revealed companion galaxies interacting with the
central luminous QSOs, suggesting that merger activ-
ity may be a dominant mechanism for the most lumi-
nous galaxies (Hu et al. 1996; Omont et al. 1996; De-
carli et al. 2017; Trakhtenbrot et al. 2017; Dı´az-Santos
et al. 2018). The velocity fields of the molecular gas in
QSO hosts IRAS F23411+0228 and IRAS F22454−1744
are significantly disturbed and show complex structure,
while the gas in the QSO host of IRAS F15069+1808
system shows velocity gradient. Simulations of gas-rich
mergers have shown that the coalesced nucleus of merg-
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Figure 6. Visibilitity amplitude as a function of the uv-distance for the CO(1−0) line (left) and the continuum emission (right).
The black circles with error bars are the data binned in uv-radius steps of 30 kλ. Error bars show the statistical photon noise
on the average amplitude in each bin. We use the UVMULTIFIT tool to fit the visibility amplitudes to models in the uv-plane.
For the line data, the red curves are the best-fits with a combination of an elliptical and a circular Gaussian models to the
uv-data, while for the continuum data the red lines indicate the best-fitting model with a single circular Gaussian function to the
data, respectively. For IRAS F15069+1808 and IRAS F22454−1744, the line data are best fitted with two elliptical Gaussian
models with positions centered on each separate galaxy. The residuals between the data and the model are shown in the bottom
panels. The FWHM source size shown in the upper-right of each line data panel is from the elliptical Gaussian component and
adopted as the CO source size for analysis. The flat distribution of visibilities implies that the source is unresolved in ALMA
observations. No model fit is performed for the non-detection of 3-mm continuum emission in IRAS F15069+1808.
ers can rapidly relax into smooth disks (e.g., Springel
& Hernquist 2005; Robertson et al. 2006; Hopkins et al.
2009), which has also been shown observationally (Ueda
et al. 2014). We therefore caution that our ALMA
data cannot disprove the possibility that the interact-
ing QSO hosts may have already experienced merging
process with other galaxies if all the QSOs are triggered
by major mergers.
For the rest five IR QSO systems in our sample, of
which the QSO hosts are found to be isolated without
any interacting companion, most of these sources show
evidence for ordered rotation, suggesting that these sys-
tems are likely observed in the final coalescence stage.
For the three galaxies that can be well-fitted by a ro-
tating kinematic model, I ZW 1, IRAS 06269−0543,
and IRAS F15462−0450, the ratio of the rotation ve-
locity to the local velocity dispersion of Vrot/σ is in
the range 4−6, indicating that the molecular gas in
these galaxies are dominated by rotation. Similar ro-
tating disks with Vrot/σ > 3 have also been revealed
in massive star-forming galaxies at z ∼ 2, which were
observed at the transition stage from extended disks
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to compact spheroids with rapid dense cores build-up
(Tadaki et al. 2017a,b). In addition, the line-of-sight
velocities are found to flatten at & 1 kpc for the three
galaxies in our sample, implying that these galaxies may
do not yet have a significant bulge component, as a
dominant bulge would cause the rotation curve to rise
steeply at the center and flatten on scales of <500 pc
(e.g., Sofue et al. 1999). However, higher spatially re-
solved data are necessary to draw a firm conclusion. For
IRAS F11119+3257, the complex velocity field becomes
disturbed in the north-east region, probably affected by
a turbulent component (see Figure 1). Its kinematic
properties reveals the likely presence of a disturbed disk
with turbulent molecular gas. This is consistent with
the large-scale of a few kpc molecular outflow observed
in this galaxy, which is interpreted as likely driven by the
strong feedback from the central AGN (Veilleux et al.
2017).
High-resolution millimeter observations of Mrk 231,
the only well-studied local IR QSO so far, have re-
vealed the molecular gas traced by both CO and dense
molecules are dominated by rotation with disk size of
∼1 kpc FWHM (Downes & Solomon 1998; Aalto et al.
2012; Feruglio et al. 2015). Together with the eight IR
QSOs observed in this study, the combined analysis of
the CO morphologies and kinematic properties allow us
to roughly classify the local IR QSO hosts into three
categories, 1) rotating gas disk with ordered velocity
gradient, 2) compact CO peak with disturbed veloc-
ity indicative of unsettled molecular gas in the galactic
plane, and 3) multiple CO distinct sources undergoing
a merger between luminous QSO and companion galaxy
separated by a few kpc. The diverse host galaxy proper-
ties revealed in our observations show evidence that the
merging between luminous QSOs and companion galax-
ies is still ongoing in some of IR QSO systems. This is
unexpected since the objects in IR QSO phase are typi-
cally characterized by the final coalescence of the galax-
ies, according to the theoretical models of merger-driven
evolutionary sequence (e.g., Sanders et al. 1988; Barnes
& Hernquist 1992; Hopkins et al. 2008; Narayanan et al.
2010), but consistent with recent discovery of a popula-
tion of late-stage nuclear mergers with separation < 3
kpc in obscured luminous black holes by high-resolution
near-IR observations (Koss et al. 2018). We caution,
however, given that our classification of IR QSOs is
based on a small sample with only nine CO-mapped
sources, it is thus a first-order kinematic classification
and may be too simplistic. A larger sample of local IR
QSOs mapped in gas emission with high resolution is
needed to reach a meaningful statistical study for galaxy
classification.
Table 3 summarizes the size measurements for the IR
QSOs spatially resolved in CO(1−0) and 3-mm contin-
uum emission. It is clear that the 3-mm continuum sizes
are substantially (a factor of >3) smaller than the CO
sizes, indicative of a more compact structure of contin-
uum emission compared to that of molecular gas which
is related to the star formation in host galaxies. I ZW 1
is spatially resolved in CO emission with a physical size
of 3.2±0.2 kpc, however, unresolved in 3-mm contin-
uum in our observations with an angular resolution of
about 0′′.6 (∼ 0.7 kpc). ALMA HCN (3−2) and HCO+
(3−2) imaging of I ZW 1 with a comparable angular
resolution (0′′.69×0′′. 63) to our CO observations, show
that the source is marginally resolved in dense molecu-
lar gas emission with a deconvolved size of ∼0′′.4 (Iman-
ishi et al. 2016). Compared to the total molecular gas
as traced by CO emission, both HCN and HCO+ lines
with high critical densities probe the dense molecular
gas (i.e., n(H2) > 104 cm−3), of which the mass is ob-
served to have a tight linear correlation with the SF
rate in galaxies, suggesting that the dense gas is likely
the direct fuel for star formation (e.g., Gao & Solomon
2004). The significantly smaller size of dense gas ob-
served compared to the CO size may indicate that the
star formation is concentrated in sub-kpc scale structure
for I ZW 1. At the same time, ALMA observations per-
formed by Imanishi et al. (2016) also marginally resolved
the continuum emission at 1.2-mm that is usually dom-
inated by dust thermal radiation, with an intrinsic size
of about 0′′.6 (∼ 0.8 kpc). This is roughly equal to the
dense gas size, but larger than that of 3-mm continuum
emission which is unresolved in our ALMA observations
with a slightly higher angular resolution (see Table 1).
In addition, VLA snapshot observations (beam size
≈ 0′′.31) of I ZW 1 at 8.4 GHz show a point-like struc-
ture in the map (Kukula et al. 1995). Based on this,
we collected and processed the A configuration 8.4 GHz
radio data (project ID: AB0670) from VLA data archive
that was observed much deeper and with a higher reso-
lution of 0′′.27. A 2D Gaussian fit to the 8.4 GHz contin-
uum image obtains a deconvolved size of 0′′.21±0′′.06.
This is obviously smaller than the size of 1.2-mm con-
tinuum emission that is mainly related to the star for-
mation in host galaxies. Combining the analysis that
the 3-mm continuum size is smaller than that of 1.2-
mm, but could be close to the 8.4 GHz radio size, we
speculate that the 3-mm continuum emission of I ZW 1
may be partially related to the compact synchrotron ra-
diation arising from plasma accelerated by the central
AGN (Panessa et al. 2019).
Moreover, the 3-mm flux density we measured for
I ZW 1 is found to exceed the interpolation of the low fre-
quency steep-slope power law (see Figure 11 in Pasetto
et al. 2019), which may indicate a significant contribu-
tion from additional AGN-related synchrotron emission,
and thermal free-free emission. In addition, theoretical
calculation using Clumpy models together with the mid-
IR to X-ray and radio fundamental plane scaling rela-
tions, provide evidence for a non-negligible contribution
of synchrotron emission to the 3-mm band for bright
AGNs (Pasetto et al. 2019).
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According to the above analysis, the different radi-
ation components contributed to the 3-mm band of
I ZW 1, seems to be a plausible explanation for the com-
pact structure of 3-mm continuum emission compared to
the CO morphology observed for this source, as well as
for the remaining local IR QSOs in our sample. How-
ever, deeper observations with higher angular resolution
at (sub)millimeter wavelengths together with an SED
analysis including radio data, are necessary to explore
the different radiation structures and mechanisms, from
the galaxy to the nuclear regions and their connections
for IR QSOs.
The CO-based dynamical mass we derived for each of
the QSO hosts is the sum of all the mass (contributed by
various galaxy components, i.e., stars, gas, dust, central
black hole, and dark matter) inside the central few kpc
of the galaxies. Given that both the dust and BH masses
make up a substantially small fraction compared to the
total mass, we assumed that the molecular gas fraction
can be approximated as the ratio of gas to dynami-
cal mass and found that the gas fraction of Mgas/Mdyn
ranges from 0.05±0.01 to 0.60±0.08 with a median value
of 0.22±0.04 for IR QSOs, in line with that of local
ULIRGs (e.g., Downes & Solomon 1998). However, it
should be noted that the gas fractions derived for the
IR QSOs in our sample are largely affected by the un-
certainties of dynamical mass, e.g., the relatively smaller
CO size compared to the full CO flux distribution that
adopted for the dynamical mass estimates would lead to
an overestimation of gas fraction (see Section 3.5). Sim-
ilar results have been obtained for z ∼ 6 QSOs detected
in CO emission, with a median value of Mgas/Mdyn =
0.16 (e.g., Wang et al. 2010, 2016; Feruglio et al. 2018).
For comparison, the gas fraction of molecular gas to to-
tal baryonic mass of Mgas/(M?+Mgas) is found to have
a mean value of about 0.3 in z = 1 main sequence galax-
ies, and the fraction increases with look-back time (e.g.,
Tan et al. 2013; Schinnerer et al. 2016; Magdis et al.
2017; Tacconi et al. 2018).
4.2. SMBH and Host Galaxy Growth
As the SMBH grows primarily through mass accretion
during the AGN phase and the bulge of the host galaxy
builds up from star formation, a comparison of the mass
accretion rate of SMBH with the SFR will be useful to
understand how the BHs and their host galaxies grow
in IR QSO phase, under the assumption that the object
is caught in the phase with ongoing processes of galaxy
assembly.
Figure 7 shows the BH mass accretion rate M˙acc as a
function of the SFR for low−z IR QSOs (circles), com-
pared to a compilation of high−z QSOs sample (squares)
for which both the far-IR and AGN bolometric lumi-
nosities have been measured (see caption of Figure 7 for
details). The colored and grey circles represent the lo-
cal IR QSOs mapped in CO emission and the remaining
sample in Xia et al. (2012) without CO images.
The BH accretion rate is derived as M˙acc = Lbol/ηc
2
assuming an accretion efficiency η = 0.1. For the
IR QSOs, the AGN bolometric luminosities Lbol were es-
timated from the extinction-corrected continuum emis-
sion at 5100 A˚ and using a bolometric correction, i.e.,
Lbol ≈ 9λLλ,5100A˚ (Hao et al. 2005). For the high−z
QSOs, Lbol were taken from the literature when avail-
able, which generally were derived from the contin-
uum luminosity at 1450 A˚, while for the sources with
no Lbol reported in the literature, we estimated the
M˙acc by assuming Eddington accretion, i.e., M˙Edd ≈
2.2 × 10−8MBH M yr−1. For both low and high−z
QSOs, we computed the SFR from the far-IR emission
which is dominated by the cold dust component tracing
the SF-related IR luminosity following the scaling rela-
tion found in the local universe: SFR/M yr
−1 = 1.49×
10−10LIR/L (Kennicutt & Evans 2012). Here we con-
verted the far-IR luminosity to the total IR luminosity
(in the range of 3-1100 µm) by adopting LIR = 1.3LFIR
(Decarli et al. 2018), which is derived for bright QSOs
by modeling the dust continuum emission as a modified
blackbody. Note that the SFR measured for the hyper-
luminous (Lbol > 10
13 L) QSOs may be overestimated
due to the possible contribution from AGN to the far-IR
emission (Dai et al. 2012; Duras et al. 2017).
For the low−z IR QSOs, the far-IR luminosities were
calculated based on the flux densities measured at IRAS
60 µm and 100 µm (see Xia et al. 2012). However, for
the two IR QSOs that are identified as interacting sys-
tems in our resolved CO maps, IRAS F15069+1808 and
IRAS F22454-1744, the SFRs were estimated from IR lu-
minosities that are predicted by the CO(1−0) emission,
based on the correlation between L′CO(1−0) and LIR, i.e.,
log
(
L
′
CO(1−0)
K km s
−1
pc
2
)
= 0.08+0.15−0.08 + 0.81 log
(
LIR
L
)
, ob-
served for starburst galaxies (Sargent et al. 2014). The
CO-based SFRs estimated for IRAS F15069+1808SE
and IRAS F22454-1744SE, both of which are likely
galaxies hosting the luminous AGN, are found to be
lower than the dust-based SFR estimates, which are
global measurements for the whole systems. We also
calculated the CO-based SFR for the remaining local
IR QSOs with CO(1−0) luminosities derived from the
single-dish data in Xia et al. (2012) and found a median
and a mean value of SFRCO to SFRdust ratio of 0.86 and
1.06 respectively, with a 1σ dispersion of 0.57. This sug-
gests that the two estimates are comparable, although
with substantial scatter. Recall that the CO distribu-
tion of IR QSOs in our sample is found to be composed
of a compact component and an extended component by
model fitting (see Sect. 3.4), as well as the much compact
3-mm continuum emission compared to the CO source
observed for these galaxies, we speculate that the excita-
tion of a compact component of the CO emission is likely
related to the X-ray dominated regions in AGN torus.
In this case, the CO-based SFR estimates for IR QSOs
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Figure 7. Black hole mass accretion rate as a function of
the SFR for the local IR QSOs with CO-mapped (colored
circles) and the other IR QSOs from Xia et al. (2012) (grey
circles), compared to the sample of high-z QSOs (squares).
Purple squares: Beelen et al. (2004), Coppin et al. (2008),
Feruglio et al. (2014), Banerji et al. (2017), Hill et al. (2019).
Blue squares: Carniani et al. (2013), Trakhtenbrot et al.
(2017), Bischetti et al. (2018). Cyan squares: Maiolino et al.
(2005),Walter et al. (2009), Wang et al. (2013), Wang et al.
(2016), Willott et al. (2013, 2015, 2017). Green squares:
Venemans et al. (2012, 2016, 2017a,b), Ban˜ados et al. (2018).
The solid line indicates the best-fitting relation of log(M˙acc)
= (1.68± 0.17)log(SFR)−3.4.
might be overestimated. We will investigate this topic
by performing SED analysis including multi-wavelength
data for more details in a future work.
In Figure 7 we find a trend between M˙acc and SFR
over about three orders of magnitude in far-IR lumi-
nosity/SFR. The solid line shows the best-fitting (a
logarithmic linear least-squares bisector fit) correlation
for the whole sample of QSOs, with a power law of
M˙acc ∝ SFR(1.68±0.17). The Spearman rank correla-
tion coefficient for this correlation is 0.77 with a high
significance (P < 10−5), although with substantial scat-
ter. Our result is in general agreement with the corre-
lation found between AGN activity and star formation,
i.e. LAGN ∝ LαIR,SF (α ∼ 1.1 − 1.7; see Netzer 2009;
Chen et al. 2013; Hickox et al. 2014; Duras et al. 2017;
Dai et al. 2018; Izumi et al. 2019, and references therein).
As noted in previous works (see e.g., Dai et al. 2018), the
variation of slope might be attributed to different sam-
ple compositions and/or methods of analysis. However,
all these studies including our own reveal a significant
trend between the SFR and BH accretion spanning a
wide range of luminosity, implying that there may be
a direct connection between the AGN and star forma-
tion activities over galaxy evolution timescales. In ad-
dition, there is evidence that SMBHs grow in step with
their host galaxies since z ∼ 2 (Daddi et al. 2007; Mul-
laney et al. 2012). The median value of M˙acc/SFR is
6.0 × 10−3 for IR QSOs, consistent with the value de-
rived in Xia et al. (2012). In contrast, the M˙acc/SFR
values for high−z QSOs are found to be about a factor
of 10 higher (a median of 7.3× 10−2) than the local IR
QSOs. This is consistent with the “overmassive” black
hole revealed for z > 5 QSOs (Walter et al. 2004; Wang
et al. 2010, 2013, 2016), for which a plausible interpre-
tation is likely related to the different efficiency of gas
accretion to the central SMBHs, i.e. faster gas consump-
tion in the most massive SMBHs. Similar results have
been reported by Hao et al. (2008), who found a trend
that the SFR increases with the accretion rate for both
low and high-redshift IR-luminous QSOs, and the rela-
tive growth of BHs and their host spheroids may depend
on the intensity of QSO activities.
Based on the CO-based dynamical mass estimates and
the SMBH mass taken from the literature (see Table 3;
Hao et al. 2005), we also investigated the possible con-
straints of the relationship between the black hole and
the host galaxy in IR QSO systems, and found that al-
most all local IR QSOs in our sample are located on or
below the local BH-bulge mass relation (equating Mdyn
to Mbulge) with mass ratio of MBH/Mdyn ranging from
0.02% to 0.36% with a median value of 0.08%, about
3−4 times lower than the local BH to bulge mass ra-
tio at MBH = 10
7 M (Kormendy & Ho 2013). This
is similar to IBISCO hard X-ray selected AGN sample
galaxies at z < 0.05, most of which are found to show
large offsets with BH mass below the local relationship
(Feruglio et al. 2018), and low-luminosity QSOs at z > 6
as well (Izumi et al. 2019). As hypothesized by Xia
et al. (2012), the low ratio of MBH/Mdyn is likely to
imply that the star formation and the AGN activities
are not necessarily synchronized and the SMBH may
grow faster after the short IR QSO phase, even though
they are intimately connected. It should be noted, how-
ever, there are significant uncertainties in the estimates
of both Mdyn and MBH, although the high spatial reso-
lution and sensitivity CO observations toward low-z IR
QSOs allow us to better constrain the gas geometry and
the dynamical properties of host galaxies compared to
those of high−z QSOs. Recent reverberation mapping
observations show evidence that, the empirical scaling
relation between the size of broad-line region and the
continuum luminosity of AGN for MBH estimates, may
depend tightly on accretion rates, i.e., AGNs with ex-
tremely high accretion rates tend to have shorter Hβ
time lags and hence to be over-estimated in their BH
mass, if adopting correlations inferred based on the low
accretion rate sources (see Du et al. 2016; Wang et al.
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2017, and references therein). In addition, it remains un-
clear whether a significant bulge component has formed
in the IR QSO phase. It has been found that bulges are
less common at high redshift (e.g., Cassata et al. 2011).
Therefore, we may not expect the growth of bulge and
central SMBH follow the local BH-bulge mass relation-
ship for IR-luminous QSOs.
4.3. The Evolutionary Status of IR QSOs
According to the major-merger evolutionary scenario
first proposed by Sanders et al. (1988), IR QSOs are
likely short-lived ULIRG-to-QSO transition objects. A
comparison of local CO-detected IR QSOs with ULIRGs
revealed similar cold molecular gas properties, e.g.,
molecular gas mass, CO line width, and star formation
efficiency (SFE; LFIR/L
′
CO), between these two popula-
tions (Xia et al. 2012). Moreover, the CO source sizes
we measured for IR QSOs are found to be comparable
to ULIRGs (radius . 2 kpc; e.g., Downes & Solomon
1998; Iono et al. 2009; Ueda et al. 2014), but slightly
smaller than those of less IR-bright luminous infrared
galaxies (LIRGs; 1011 L 6 LIR < 1012 L), indicative
of more compact molecular gas reservoir and star forma-
tion region in ULIRGs and IR QSOs. Gao & Solomon
(2004) showed that the SFE indicated by LFIR/L
′
CO re-
flects the dense molecular gas fraction and the starburst
activity in galaxies, since a tight linear correlation is
observed between the far-IR and the HCN molecule (a
tracer of dense molecular gas) luminosities. The compa-
rable SFE found for ULIRGs and IR QSOs and a smaller
value for PG QSOs (Xia et al. 2012), suggesting that
there are much stronger and massive starburst activi-
ties in ULIRGs and IR QSOs than in PG QSOs. Simi-
larly, the SFE is lower in LIRGs compared to ULIRGs
(e.g., Iono et al. 2009). These are consistent with the
gas-rich merger models (Di Matteo et al. 2005; Hopkins
et al. 2008), which predict that these objects represent
different phases in an evolutionary sequence, where the
most intense star formation activity is seen in stages of
ULIRGs and IR QSOs due to massive gas inflows to
galaxy center. As molecular gas is consumed by star-
burst as well as the central black hole, a buried AGN
continues to grow a SMBH and evolves to an IR lumi-
nous QSO during the final stages of the coalescence.
Overall, the data of local IR QSOs in this study are
broadly consistent with the AGN-galaxy coevolution
scenario, although some of IR QSOs are found to un-
dergo mergers with companion galaxies by our resolved
CO images. However, we must emphasize that, com-
bined with extensive multi-wavelength data, a system-
atic analysis of the molecular ISM properties, such as
the gas content, morphology, excitation, dynamics, and
dust properties for a complete sample of local IR lumi-
nous galaxies/QSOs is necessary for testing the evolu-
tionary hypothesis comprehensively. We will focus on
these issues in future work.
5. SUMMARY
We have presented ALMA band 3 observations of the
CO(1−0) line and 3-mm continuum emission in eight IR
QSO hosts at z 6 0.19. The typical FWHM synthesized
beam size of our observations is about 0.′′45 and the
achieved 1σ rms noise levels are 0.4−0.9 mJy beam−1
at the velocity resolution of 25 km s−1 . The data allow
us to investigate spatially resolved properties of the ISM
on scales of ∼1 kpc. Our main findings are as follows.
1. All eight IR QSO hosts are clearly detected and
resolved in the CO(1−0) line emission. The CO molec-
ular gas in these sources is found to be extended over
FWHM ∼ 1.2−7.0 kpc with a median of 3.2 kpc. Seven
out of eight IR QSOs are detected in 3-mm continuum
emission, and four of which are marginally resolved with
3-mm continuum source size estimate of 0.4−1.0 kpc.
2. The combined analysis of the morphology and kine-
matics of IR QSO hosts reveals a wide variety of host
galaxy properties. The IR QSO hosts can be roughly
classified into three categories, rotating gas disk with
ordered velocity gradient, compact CO peak with dis-
turbed velocity, and multiple CO distinct sources under-
going a merger with complex velocity structure. Three
IR QSO hosts are identified as interacting systems with
companion galaxies located ∼ 2-7 kpc in projection from
the QSOs and within radial velocities < 60 km s−1. Two
of these interacting merger QSO systems are interpreted
as major mergers with complex velocity structure while
the other one show evidence for a minor merger. The
remaining five QSO hosts are found to be isolated with-
out an interacting companion in the CO images, four
of which have velocity gradients suggestive of rotation
whereas the last one is a compact CO source with dis-
ordered velocity structure.
3. We investigate the dynamics of the molecular gas
in our sources and model the four isolated QSO host
galaxies (Mrk 231-alike) with velocity gradients in their
CO kinematics. The model fitting shows that three of
these sources are rotation-dominated with Vrot/σ = 4−
6, whereas the other one shows evidence for a disturbed
disk with turbulent molecular gas, consistent with the
molecular outflow observed in this galaxy previously.
4. Compared the CO(1−0) integrated fluxes recovered
by the ALMA with the fluxes measured by the IRAM
30m, our interferometric data typically recover ∼ 80% of
the total single-dish flux. For the three interacting QSO
systems, the molecular gas masses are found to be com-
parable between the QSO hosts and companion galaxies
for IRAS F15069+1808 and IRAS F22454−1744, while
for IRAS F23411+0228, the molecular gas mass of the
companion galaxy is only ∼ 3% that of the QSO host.
5. Using rotating disk and isotropic virial estimators,
we estimate CO-based dynamical masses of 7.4× 109 −
6.9 × 1010 M within the CO-emitting regions of the
sources in our sample. The molecular gas fraction of
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Mgas/Mdyn is found to have a median of 0.22±0.04, sim-
ilar to that found for local ULIRGs.
6. We find a trend between BH accretion rate of mass
and SFR over three orders of magnitude, consistent with
the correlation between AGN bolometric luminosity and
star formation activity.
The diversity of molecular gas morphology and kine-
matics revealed in the host galaxies of IR QSOs, clearly
indicates more complicated evolutionary stages from
merging (U)LIRGs to QSOs, even during the IR QSO
phase. Our studies certainly exemplify the importance
of classifying the IR QSOs by further meaningful sta-
tistical study. Further high spatial resolution mapping
of molecular gas, in terms of assembling larger samples
of IR QSOs and obtaining deeper sensitivity, will help
shed light on the exact nature of the host galaxies of
IR QSOs and the understanding of coeval black hole-
galaxy growth. Such high-resolution ALMA studies of
IR QSOs will provide better local analogues and valu-
able information for fair comparison and understanding
of the high-z population.
We thank the anonymous referee for the con-
structive comments which helped improve the pa-
per. QT would like to thank Ran Wang, Tao
Wang, and Zhi-Yu Zhang for helpful discussions.
This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2015.1.01147.S. ALMA is a part-
nership of ESO (representing its member states),
NSF (USA) and NINS (Japan), together with NRC
(Canada), MOST and ASIAA (Taiwan), and KASI
(Republic of Korea), in cooperation with the Republic
of Chile. The Joint ALMA Observatory is operated by
ESO, AUI/NRAO and NAOJ.
This work was supported by National Key Basic Re-
search and Development (R&D) Program of China
(Grant No. 2017YFA0402704), NSFC Grant No.
11803090, 11861131007, and 11420101002, and Chinese
Academy of Sciences (CAS) Key Research Program of
Frontier Sciences (Grant No. QYZDJ-SSW-SLH008).
X.Y.X and C.N.H. acknowledge the support from the
NSFC (Grant No. 11733002). The work by SM and YS
is partly supported by the National Key R&D Program
of China (No. 2018YFA0404501), by the NSFC (Grant
No. 11821303 and 11761131004). ED acknowledges
support from CAS President’s International Fellowship
Initiative (Grant No. 2018VMA0014).
Facilities: ALMA, HST, IRAM 30m, Pan-STARRS1,
SDSS, VLA
Software: AICER (https://github.com/shbzhang/
aicer/), 3DBAROLO (Di Teodoro & Fraternali 2015),
CASA (McMullin et al. 2007), GILDAS (http://www.
iram.fr/IRAMFR/GILDAS/), UVMULTIFIT (Mart´ı-
Vidal et al. 2014)
REFERENCES
Aalto, S., Garcia-Burillo, S., Muller, S., et al. 2012, A&A,
537, A44, doi: 10.1051/0004-6361/201117919
Aravena, M., Wagg, J., Papadopoulos, P. P., & Feain, I. J.
2011, ApJ, 737, 64, doi: 10.1088/0004-637X/737/2/64
Ban˜ados, E., Venemans, B. P., Mazzucchelli, C., et al. 2018,
Nature, 553, 473, doi: 10.1038/nature25180
Banerji, M., Carilli, C. L., Jones, G., et al. 2017, MNRAS,
465, 4390, doi: 10.1093/mnras/stw3019
Barnes, J. E., & Hernquist, L. 1992, ARA&A, 30, 705,
doi: 10.1146/annurev.aa.30.090192.003421
Beelen, A., Cox, P., Pety, J., et al. 2004, A&A, 423, 441,
doi: 10.1051/0004-6361:20040318
Bischetti, M., Piconcelli, E., Feruglio, C., et al. 2018, A&A,
617, A82, doi: 10.1051/0004-6361/201833249
Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A,
51, 207, doi: 10.1146/annurev-astro-082812-140944
Brusa, M., Feruglio, C., Cresci, G., et al. 2015, A&A, 578,
A11, doi: 10.1051/0004-6361/201425491
Canalizo, G., & Stockton, A. 2001, ApJ, 555, 719,
doi: 10.1086/321520
Cao, C., Xia, X. Y., Wu, H., et al. 2008, MNRAS, 390, 336,
doi: 10.1111/j.1365-2966.2008.13747.x
Cao, T., Lu, N., Xu, C. K., et al. 2018, ApJ, 866, 117,
doi: 10.3847/1538-4357/aae1f4
Carilli, C. L., & Walter, F. 2013, ARA&A, 51, 105,
doi: 10.1146/annurev-astro-082812-140953
Carniani, S., Marconi, A., Biggs, A., et al. 2013, A&A, 559,
A29, doi: 10.1051/0004-6361/201322320
Cassata, P., Giavalisco, M., Guo, Y., et al. 2011, ApJ, 743,
96, doi: 10.1088/0004-637X/743/1/96
Chen, C.-T. J., Hickox, R. C., Alberts, S., et al. 2013, ApJ,
773, 3, doi: 10.1088/0004-637X/773/1/3
Cicone, C., Feruglio, C., Maiolino, R., et al. 2012, A&A,
543, A99, doi: 10.1051/0004-6361/201218793
Condon, J. J., Yin, Q. F., Thuan, T. X., & Boller, T. 1998,
AJ, 116, 2682, doi: 10.1086/300624
Coppin, K. E. K., Swinbank, A. M., Neri, R., et al. 2008,
MNRAS, 389, 45, doi: 10.1111/j.1365-2966.2008.13553.x
Daddi, E., Cimatti, A., Renzini, A., et al. 2004, ApJL, 600,
L127, doi: 10.1086/381020
Daddi, E., Alexander, D. M., Dickinson, M., et al. 2007,
ApJ, 670, 173, doi: 10.1086/521820
Dai, Y. S., Wilkes, B. J., Bergeron, J., et al. 2018, MNRAS,
478, 4238, doi: 10.1093/mnras/sty1341
23
Dai, Y. S., Bergeron, J., Elvis, M., et al. 2012, ApJ, 753,
33, doi: 10.1088/0004-637X/753/1/33
Decarli, R., Walter, F., Venemans, B. P., et al. 2017,
Nature, 545, 457, doi: 10.1038/nature22358
—. 2018, ApJ, 854, 97, doi: 10.3847/1538-4357/aaa5aa
Di Matteo, T., Springel, V., & Hernquist, L. 2005, Nature,
433, 604, doi: 10.1038/nature03335
Di Teodoro, E. M., & Fraternali, F. 2015, MNRAS, 451,
3021, doi: 10.1093/mnras/stv1213
Dı´az-Santos, T., Assef, R. J., Blain, A. W., et al. 2018,
Science, 362, 1034, doi: 10.1126/science.aap7605
Downes, D., & Solomon, P. M. 1998, ApJ, 507, 615,
doi: 10.1086/306339
Du, P., Lu, K.-X., Zhang, Z.-X., et al. 2016, ApJ, 825, 126,
doi: 10.3847/0004-637X/825/2/126
Duras, F., Bongiorno, A., Piconcelli, E., et al. 2017, A&A,
604, A67, doi: 10.1051/0004-6361/201731052
Elbaz, D., Cesarsky, C. J., Chanial, P., et al. 2002, A&A,
384, 848, doi: 10.1051/0004-6361:20020106
Evans, A. S., Frayer, D. T., Surace, J. A., & Sanders, D. B.
2001, AJ, 121, 1893, doi: 10.1086/319972
Evans, A. S., Solomon, P. M., Tacconi, L. J., Vavilkin, T.,
& Downes, D. 2006, AJ, 132, 2398, doi: 10.1086/508416
Fabian, A. C. 2012, ARA&A, 50, 455,
doi: 10.1146/annurev-astro-081811-125521
Fan, L., Knudsen, K. K., Fogasy, J., & Drouart, G. 2018,
ApJL, 856, L5, doi: 10.3847/2041-8213/aab496
Ferrarese, L., & Merritt, D. 2000, ApJL, 539, L9,
doi: 10.1086/312838
Feruglio, C., Bongiorno, A., Fiore, F., et al. 2014, A&A,
565, A91, doi: 10.1051/0004-6361/201423719
Feruglio, C., Fiore, F., Carniani, S., et al. 2015, A&A, 583,
A99, doi: 10.1051/0004-6361/201526020
—. 2018, A&A, 619, A39,
doi: 10.1051/0004-6361/201833174
Gao, Y., & Solomon, P. M. 2004, ApJ, 606, 271,
doi: 10.1086/382999
Hao, C. N., Xia, X. Y., Mao, S., Wu, H., & Deng, Z. G.
2005, ApJ, 625, 78, doi: 10.1086/429716
Hao, C.-N., Xia, X.-Y., Shu-DeMao, Deng, Z.-G., & Wu, H.
2008, ChJA&A, 8, 12, doi: 10.1088/1009-9271/8/1/02
Hickox, R. C., & Alexander, D. M. 2018, ARA&A, 56, 625,
doi: 10.1146/annurev-astro-081817-051803
Hickox, R. C., Mullaney, J. R., Alexander, D. M., et al.
2014, ApJ, 782, 9, doi: 10.1088/0004-637X/782/1/9
Hill, R., Chapman, S. C., Scott, D., et al. 2019, MNRAS,
doi: 10.1093/mnras/stz429
Ho, L. C. 2007a, ApJ, 668, 94, doi: 10.1086/521270
—. 2007b, ApJ, 669, 821, doi: 10.1086/521917
Hopkins, P. F., Cox, T. J., Younger, J. D., & Hernquist, L.
2009, ApJ, 691, 1168,
doi: 10.1088/0004-637X/691/2/1168
Hopkins, P. F., Hernquist, L., Cox, T. J., et al. 2006, ApJS,
163, 1, doi: 10.1086/499298
Hopkins, P. F., Hernquist, L., Cox, T. J., & Keresˇ, D. 2008,
ApJS, 175, 356, doi: 10.1086/524362
Hu, E. M., McMahon, R. G., & Egami, E. 1996, ApJL, 459,
L53, doi: 10.1086/309958
Hutchings, J. B., & Crampton, D. 1990, AJ, 99, 37,
doi: 10.1086/115309
Imanishi, M., Nakanishi, K., & Izumi, T. 2016, AJ, 152,
218, doi: 10.3847/0004-6256/152/6/218
Iono, D., Wilson, C. D., Yun, M. S., et al. 2009, ApJ, 695,
1537, doi: 10.1088/0004-637X/695/2/1537
Ivison, R. J., Greve, T. R., Dunlop, J. S., et al. 2007,
MNRAS, 380, 199, doi: 10.1111/j.1365-2966.2007.12044.x
Izumi, T., Onoue, M., Matsuoka, Y., et al. 2019, arXiv
e-prints, arXiv:1904.07345.
https://arxiv.org/abs/1904.07345
Kennicutt, R. C., & Evans, N. J. 2012, ARA&A, 50, 531,
doi: 10.1146/annurev-astro-081811-125610
Kim, D.-C., & Sanders, D. B. 1998, ApJS, 119, 41,
doi: 10.1086/313148
Kormendy, J., & Ho, L. C. 2013, ARA&A, 51, 511,
doi: 10.1146/annurev-astro-082708-101811
Koss, M. J., Blecha, L., Bernhard, P., et al. 2018, Nature,
563, 214, doi: 10.1038/s41586-018-0652-7
Kukula, M. J., Pedlar, A., Baum, S. A., & O’Dea, C. P.
1995, MNRAS, 276, 1262, doi: 10.1093/mnras/276.4.1262
Lawrence, A., Rowan-Robinson, M., Ellis, R. S., et al. 1999,
MNRAS, 308, 897, doi: 10.1046/j.1365-8711.1999.02593.x
Le Floc’h, E., Papovich, C., Dole, H., et al. 2005, ApJ, 632,
169, doi: 10.1086/432789
Lonsdale, C. J., Farrah, D., & Smith, H. E. 2006,
Ultraluminous Infrared Galaxies, ed. J. W. Mason, 285
Lu, N., Cao, T., Dı´az-Santos, T., et al. 2018, ApJ, 864, 38,
doi: 10.3847/1538-4357/aad3c9
Magdis, G. E., Rigopoulou, D., Daddi, E., et al. 2017,
A&A, 603, A93, doi: 10.1051/0004-6361/201731037
Magnelli, B., Elbaz, D., Chary, R. R., et al. 2011, A&A,
528, A35, doi: 10.1051/0004-6361/200913941
Magorrian, J., Tremaine, S., Richstone, D., et al. 1998, AJ,
115, 2285, doi: 10.1086/300353
Maiolino, R., Cox, P., Caselli, P., et al. 2005, A&A, 440,
L51, doi: 10.1051/0004-6361:200500165
Mart´ı-Vidal, I., Vlemmings, W. H. T., Muller, S., & Casey,
S. 2014, A&A, 563, A136,
doi: 10.1051/0004-6361/201322633
24 Tan et al.
McConnell, N. J., & Ma, C.-P. 2013, ApJ, 764, 184,
doi: 10.1088/0004-637X/764/2/184
McMullin, J. P., Waters, B., Schiebel, D., Young, W., &
Golap, K. 2007, in Astronomical Society of the Pacific
Conference Series, Vol. 376, Astronomical Data Analysis
Software and Systems XVI, ed. R. A. Shaw, F. Hill, &
D. J. Bell, 127
Moreno, J., Torrey, P., Ellison, S. L., et al. 2019, MNRAS,
485, 1320, doi: 10.1093/mnras/stz417
Mullaney, J. R., Daddi, E., Be´thermin, M., et al. 2012,
ApJL, 753, L30, doi: 10.1088/2041-8205/753/2/L30
Narayanan, D., Dey, A., Hayward, C. C., et al. 2010,
MNRAS, 407, 1701,
doi: 10.1111/j.1365-2966.2010.16997.x
Netzer, H. 2009, MNRAS, 399, 1907,
doi: 10.1111/j.1365-2966.2009.15434.x
Omont, A., Petitjean, P., Guilloteau, S., et al. 1996,
Nature, 382, 428, doi: 10.1038/382428a0
Panessa, F., Baldi, R. D., Laor, A., et al. 2019, Nature
Astronomy, 3, 387, doi: 10.1038/s41550-019-0765-4
Pasetto, A., Gonza´lez-Mart´ın, O., Esparza-Arredondo, D.,
et al. 2019, ApJ, 872, 69, doi: 10.3847/1538-4357/aafa20
Pettini, M., Shapley, A. E., Steidel, C. C., et al. 2001, ApJ,
554, 981, doi: 10.1086/321403
Riechers, D. A., Walter, F., Carilli, C. L., et al. 2006, ApJ,
650, 604, doi: 10.1086/507014
Robertson, B., Bullock, J. S., Cox, T. J., et al. 2006, ApJ,
645, 986, doi: 10.1086/504412
Saito, T., Iono, D., Yun, M. S., et al. 2015, ApJ, 803, 60,
doi: 10.1088/0004-637X/803/2/60
Sanders, D. B., & Mirabel, I. F. 1996, ARA&A, 34, 749,
doi: 10.1146/annurev.astro.34.1.749
Sanders, D. B., Soifer, B. T., Elias, J. H., et al. 1988, ApJ,
325, 74, doi: 10.1086/165983
Sargent, M. T., Daddi, E., Be´thermin, M., et al. 2014, ApJ,
793, 19, doi: 10.1088/0004-637X/793/1/19
Schinnerer, E., Eckart, A., & Tacconi, L. J. 1998, ApJ, 500,
147, doi: 10.1086/305714
Schinnerer, E., Groves, B., Sargent, M. T., et al. 2016, ApJ,
833, 112, doi: 10.3847/1538-4357/833/1/112
Scoville, N. Z., Frayer, D. T., Schinnerer, E., & Christopher,
M. 2003, ApJL, 585, L105, doi: 10.1086/374544
Shangguan, J., & Ho, L. C. 2019, ApJ, 873, 90,
doi: 10.3847/1538-4357/ab0555
Sharon, C. E., Riechers, D. A., Hodge, J., et al. 2016, ApJ,
827, 18, doi: 10.3847/0004-637X/827/1/18
Shi, Y., Rieke, G. H., Ogle, P. M., Su, K. Y. L., & Balog, Z.
2014, ApJS, 214, 23, doi: 10.1088/0067-0049/214/2/23
Silk, J., & Rees, M. J. 1998, A&A, 331, L1
Smit, R., Bouwens, R. J., Carniani, S., et al. 2018, Nature,
553, 178, doi: 10.1038/nature24631
Sofue, Y., & Rubin, V. 2001, ARA&A, 39, 137,
doi: 10.1146/annurev.astro.39.1.137
Sofue, Y., Tutui, Y., Honma, M., et al. 1999, ApJ, 523, 136,
doi: 10.1086/307731
Soifer, B. T., Sanders, D. B., Neugebauer, G., et al. 1986,
ApJL, 303, L41, doi: 10.1086/184649
Solomon, P. M., Downes, D., Radford, S. J. E., & Barrett,
J. W. 1997, ApJ, 478, 144, doi: 10.1086/303765
Springel, V., Di Matteo, T., & Hernquist, L. 2005,
MNRAS, 361, 776, doi: 10.1111/j.1365-2966.2005.09238.x
Springel, V., & Hernquist, L. 2005, ApJL, 622, L9,
doi: 10.1086/429486
Staguhn, J. G., Schinnerer, E., Eckart, A., & Scharwa¨chter,
J. 2004, ApJ, 609, 85, doi: 10.1086/421039
Tacconi, L. J., Genzel, R., Saintonge, A., et al. 2018, ApJ,
853, 179, doi: 10.3847/1538-4357/aaa4b4
Tadaki, K.-i., Genzel, R., Kodama, T., et al. 2017a, ApJ,
834, 135, doi: 10.3847/1538-4357/834/2/135
Tadaki, K.-i., Kodama, T., Nelson, E. J., et al. 2017b,
ApJL, 841, L25, doi: 10.3847/2041-8213/aa7338
Tan, Q., Daddi, E., Sargent, M., et al. 2013, ApJL, 776,
L24, doi: 10.1088/2041-8205/776/2/L24
Trakhtenbrot, B., Lira, P., Netzer, H., et al. 2017, ApJ, 836,
8, doi: 10.3847/1538-4357/836/1/8
Tremaine, S., Gebhardt, K., Bender, R., et al. 2002, ApJ,
574, 740, doi: 10.1086/341002
Ueda, J., Iono, D., Yun, M. S., et al. 2014, ApJS, 214, 1,
doi: 10.1088/0067-0049/214/1/1
Veilleux, S., Bolatto, A., Tombesi, F., et al. 2017, ApJ, 843,
18, doi: 10.3847/1538-4357/aa767d
Venemans, B. P., Walter, F., Zschaechner, L., et al. 2016,
ApJ, 816, 37, doi: 10.3847/0004-637X/816/1/37
Venemans, B. P., McMahon, R. G., Walter, F., et al. 2012,
ApJL, 751, L25, doi: 10.1088/2041-8205/751/2/L25
Venemans, B. P., Walter, F., Decarli, R., et al. 2017a,
ApJL, 851, L8, doi: 10.3847/2041-8213/aa943a
—. 2017b, ApJ, 837, 146, doi: 10.3847/1538-4357/aa62ac
Vestergaard, M., & Peterson, B. M. 2006, ApJ, 641, 689,
doi: 10.1086/500572
Vito, F., Maiolino, R., Santini, P., et al. 2014, MNRAS,
441, 1059, doi: 10.1093/mnras/stu637
Walter, F., Carilli, C., Bertoldi, F., et al. 2004, ApJL, 615,
L17, doi: 10.1086/426017
Walter, F., Riechers, D., Cox, P., et al. 2009, Nature, 457,
699, doi: 10.1038/nature07681
Wang, J.-M., Du, P., Brotherton, M. S., et al. 2017, Nature
Astronomy, 1, 775, doi: 10.1038/s41550-017-0264-4
25
Wang, R., Carilli, C. L., Neri, R., et al. 2010, ApJ, 714,
699, doi: 10.1088/0004-637X/714/1/699
Wang, R., Wagg, J., Carilli, C. L., et al. 2013, ApJ, 773, 44,
doi: 10.1088/0004-637X/773/1/44
Wang, R., Wu, X.-B., Neri, R., et al. 2016, ApJ, 830, 53,
doi: 10.3847/0004-637X/830/1/53
Willott, C. J., Bergeron, J., & Omont, A. 2015, ApJ, 801,
123, doi: 10.1088/0004-637X/801/2/123
—. 2017, ApJ, 850, 108, doi: 10.3847/1538-4357/aa921b
Willott, C. J., Omont, A., & Bergeron, J. 2013, ApJ, 770,
13, doi: 10.1088/0004-637X/770/1/13
Wilson, C. D., Petitpas, G. R., Iono, D., et al. 2008, ApJS,
178, 189, doi: 10.1086/590910
Xia, X. Y., Gao, Y., Hao, C.-N., et al. 2012, ApJ, 750, 92,
doi: 10.1088/0004-637X/750/2/92
Xu, C. K., Cao, C., Lu, N., et al. 2014, ApJ, 787, 48,
doi: 10.1088/0004-637X/787/1/48
—. 2015, ApJ, 799, 11, doi: 10.1088/0004-637X/799/1/11
Yun, M. S., Reddy, N. A., Scoville, N. Z., et al. 2004, ApJ,
601, 723, doi: 10.1086/380559
Zanella, A., Daddi, E., Magdis, G., et al. 2018, MNRAS,
481, 1976, doi: 10.1093/mnras/sty2394
Zhang, Z., Shi, Y., Rieke, G. H., et al. 2016, ApJL, 819,
L27, doi: 10.3847/2041-8205/819/2/L27
Zhao, Y., Yan, L., & Tsai, C.-W. 2016a, ApJ, 824, 146,
doi: 10.3847/0004-637X/824/2/146
Zhao, Y., Lu, N., Xu, C. K., et al. 2016b, ApJ, 820, 118,
doi: 10.3847/0004-637X/820/2/118
Zhao, Y., Lu, N., Dı´az-Santos, T., et al. 2017, ApJ, 845, 58,
doi: 10.3847/1538-4357/aa7ff8
Zheng, X. Z., Xia, X. Y., Mao, S., Wu, H., & Deng, Z. G.
2002, AJ, 124, 18, doi: 10.1086/340964
